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Since the early nineteen eighties, drought restriction was managed using risk based 
multi-user priority rules and stochastic systems analysis for operational and 
development planning of the water resources in South Africa. The definition of the risk 
criteria for restricting water users has largely been based on expert opinion and 
qualitative economic criteria. The aim of this research study is to develop a decision 
support system for assessing the optimal regional assurance of water supply 
requirements of various water use sectors.  
 
The approach entails analysing the effect of various restriction rule settings on macro-
economic indicators such as the Gross Domestic Product (GDP), employment and 
household income by allocating different levels of assurance of supply to the different 
water user sectors. This can be achieved by combining the Water Resource Planning 
Model (WRPM) and an economic model i.e. the Water Impact Model (WIM) and testing 
its performance. With this enhancement of the existing software and the development 
of the concept, various scenarios can be analysed in different economic regions to find 
the optimal user priority criteria for restricted water supply.  
 
The case study is in the Orange River System in South Africa. In 2016, the irrigation 
agriculture sector contributed R14,12 billion to the GDP, employed 148 442 people 
and generated a total household income of R11 billion within this region. For the 
scenario applied in practice, the results of the applicable restriction rule showed that 
over a 10-year planning period the average loss in GDP was R1 billion, in employment 
numbers 13 721 people and in household income R444 million. For the alternative 
restriction rule settings, the economic loss for the same period was significantly less.  
 
The relationship between the econometric losses and the volume of water curtailed, 
generally had a linear form as a result of the linear relationship between crop water 
supply and crop yield applied in the WIM. The development of the new hydro-
economic model serving as a decision support system, was successful. It is referred 
to as the Assurance of Supply Model (ASM), However, expert discretion based on the 
interpretation of system yield-reliability curves, storage projection plots and other user 
requirements from the resource, is still needed to advise the user prioritisation. It is 
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recommended that further sensitivity analyses for alternative risk based multi-user 
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Water is a fundamental source to human well-being. Its renewability depends on how 
it is managed as it is a finite resource. It is foreseen that two thirds of the world will live 
in water-stressed countries by 2025 if the trend of water demand to available supply 
continues (UNDESA, 2015). If the renewable water resource is above 1 000 
m³/person/year but below 1 700 m³/person per year, the country is considered water 
stressed. If the renewable water resource is below 1 000 m³/person per year, then the 
country is considered to have a water scarcity (Haggard, 2015). There are three 
categories of water use which include development priorities, balancing supply and 
demand and promoting the efficient use of water. Development priorities focus on 
water allocation that promotes economic and social development. Balancing supply 
and demand focus on the management of the natural variability of water availability to 
avoid unforeseen water shortfalls (Speed, Li, Le Quense, Pegram & Zhiwei, 2013).  
 
It is estimated that worldwide the domestic use takes up 10% of the fresh water, 
industry 20% and agriculture 70% (Worldometers, 2017). The agriculture sector is the 
largest user and understandably so since its focus has been food production 
considering the non-negotiable demand thereof. The domestic sector, however, 
claims higher priority. To make optimal decisions pertaining to water quantity, water 
allocation and conservation for generations to come, water governance is required. 
Integrated Water Resource Management (IWRM) is the key to good governance in 
water utilisation. It promotes the equitability and sustainability of water management 
and supply among water users (Rasheed, 2008). The Head of Communications and 
Outreach and Spokesperson for the United Nations (UN) Framework Convention on 
Climate Change, Nick Nuttall, stated: “There is enough fresh water in Africa for 





In 2015, “water crises” was rated as the top Global Risk in terms of impact by the 
World Economic Forum (WEF). The Global Risks 2015 report argued that decision-
makers will have to make difficult choices in terms of water allocations affecting users 
through the economy (WEF, 2015a). One of the good practices identified for risk 
management and risk resilience was Interdisciplinary Science for Managing Water 
Resources and Improving Long-Term Water Security. Drought is among the four risks 
that can be mitigated through water management. The challenge with models 
developed for water resource management is their application by policymakers in real-
world decision-making processes (WEF, 2015b). Different definitions for risk are often 
used by stakeholders, ensuing methodological confusion and challenging 
communication of assessment results to decision makers (Sayers et al., 2016). The 
responsibility resides with drought risk managers to fairly allocate water to different 
user groups specifically supporting the demoted and vulnerable. However, the 
unfairness of droughts is promoted by the spatial variation in its frequency as well as 
the legacy of interventions and the underlying imbalance in social development. 
Therefore, risk managers or decision-makers have a tough task to accomplish in terms 
of strategic drought risk management (Sayers et al., 2016).  
 
The challenge remains in planning for a larger variety of drought scenarios and 
implanting a process that is adaptive, open, and transparent to adjustment as drought 
extents. A key element addressing drought is the implementation of restrictions which 
effectively reduce demands during such a period. The timing of restrictions as well as 
the priority given to maintaining environmental flows and seasonal releases are 
governed by the operating rules of the reservoir. The decisions pertaining to reservoir 
operation and the volume set aside for the reserve can severely impact downstream 
users. The intensity of restriction rules applied is often dictated by the level of water 
supply of the specific reservoir (Sayers et al., 2016).  
 
To plan for such intervention as restrictions, it is important to know what the probability 
is for the water level in a reservoir to reduce below a given storage in any given year. 
This is referred to as an annual exceedance probability and over long timescales, the 
importance of statistical stationarity which estimated probability is based on, cannot 
be overemphasised (Sayers et al., 2016). The probabilistic estimates of drought 
impact on agricultural production was studied by Madadgar et al. (2017) through 
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quantitative evaluation of crop yield to drought response. This was possible by 
developing multivariate probabilistic models using precipitation to show the probability 
distribution of the crop yields.  
 
The South African National Water Act (NWA) (1998) sets out clear priorities for water 
in terms of its need so that basic human needs are maintained, the environment is 
preserved and the economic use of water is provided for. However, decisions 
concerning water allocation to the different water user sectors have not been 
scientifically established and don’t always reflect the optimum outcome, especially 
during droughts (Barnard & Cloete, 2019). These decisions have mostly only been 
based on discussions among stakeholders. It is therefore important that a decision 
support system be developed as aid to the decision-making process with regards to 
water allocation when water supply is restricted.  
 
1.1 Problem Statement 
Water resource managers have the challenging task of supplying different water use 
sectors i.e. domestic, industry and irrigation, with an equitable and sustainable supply 
of water to meet their requirements. This is even more challenging during times of 
drought. The problem at hand is deciding on the volume of water by which the water 
supply to different users should be reduced when the water resource is under stress.  
 
This reduction in normal supply or allocation is to prevent the system from failing to 
supply the demand sustainably. Such a decision is influenced by the assurance at 
which different water users need their water supplied. Once the water supply system 
becomes out of balance, such in the case of droughts, possible system intervention 
and augmentation options need to be considered. The more viable option to maintain 
a system balance would be the implementation of water restrictions. This is an 
involved process and the implications thereof are far-reaching, especially on the 
economy. 
 
The drought of the 2016/2017 hydrological year necessitated a reduction of 10% in 
the water supply of the Orange River System (the regions draining the Orange River, 
and particularly those regions supplied with water from the Gariep and Vanderkloof 
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Dams). This resulted in the implementation of 10% water restrictions in the urban and 
industrial sectors and 15% water restrictions in the irrigation sector (SA DWS, 2016). 
 
This research seeks to develop a decision support system to determine the viability of 
alternative user priority classification and assurance of supply requirements with 
regards to a reduction in water supply.  
 
1.2 Aim and Objectives 
The aim of this research study is to develop a decision support system for assessing 
the optimal regional assurance of water supply requirements of various water use 
sectors. This can be achieved by combining existing water resource models with an 
economic model and analysing the economic indicators.   
The objective of this research study entails sensitivity analyses among defined 
scenarios undertaken with a new hydro-economic model to determine the impact of a 
reduction in water supply on the regional economic indicators.  
The specific objectives of the research study are: 
• to identify scenarios to be analysed. 
• to combine the Water Resource Planning Model (WRPM) and the Water Impact 
Model (WIM) and test its performance.  
 
1.3 Hypothesis and Research Questions 
A hypothesis is raised that by developing a hydro-economic model that incorporates 
water resource system curtailment results, economic indicators can be generated to 
support the decision of water allocation for the irrigated agriculture sector in times of 
drought.  
This research study evokes the following questions: 
• How does the economic sustainability of the agricultural sector impact on the 
prioritisation of assurance of water supply to different water use sectors in times of 
drought? 
• What should the decision on the level of restriction for each water use sector be to 
prevent a complete water resource system failure and maintain economic viability 
within each user sector? 
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• Does the assurance of water supply ultimately depend on the economic return of 
the products produced within a specific water use sector with the available water 
within the system to sustain a viable business? 
• Can an economically optimal water user priority classification be derived from the 
linkage between the existing WRPM results and the WIM inputs to improve 
equitable water resource allocation and drought management?   
 
1.4 Scope of work 
The methodology applied to obtain the study objectives entails an iterative process 
and sensitivity analyses using existing models currently utilised in practice in South 
Africa which include; Water Resource Yield Model (WRYM), WRPM,l WIM, Farm 
Production Model and the Reservoir Monitoring Utility. The combined new hydro-
economic model, developed with Excel Visual Basic Script which serve as an update 
of the existing Reservoir Monitoring Utility, is referred to as the Assurance of Supply 
Model (ASM). The analyses entail iterative system analysis by only altering the priority 
classification of different water use sectors in the WRPM and applying the results of 
level of curtailments required for the agricultural sector as input to the WIM. Present 
values (PVs) for an analysis period of ten years can be determined for the loss in 
Gross Domestic Product (GDP) value (in South African Rands), Employment (in 
numbers) and Household income (in South African Rands) to establish the economic 
impact of water restrictions in the irrigated agriculture sector. 
 
The WIM is a model explicitly designed for the irrigated agriculture sector and is 
therefore not able to provide results for the socio-economic effect of water restrictions 
on the other water use sectors. A longer analysis period of 25 years would be more 
ideal since it will include wet and dry periods for planning purposes, however these 
analyses are computationally expensive. Groundwater availability is not included in 
the analyses undertaken in this study. A specific analysis on climate change as a 
scenario is not carried out in this study since the results of the WRPM analyses 
encompass a 1 000 simulations of probable climatic conditions per scenario based on 
historic rainfall data of 100 years. 
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1.5 Structure of the Dissertation 
This dissertation is organised as follows: The introductions to the study is discussed 
in Chapter 1 and consists of a background to the subject in general, problem 
statement elaborating on the need for the research and research objectives. The 
scope and structure of the dissertation are also included. In Chapter 2, a literature 
review, elaborates on the concept of water allocation and hydro-economic models 
with specific focus on the models currently utilised in practice in South Africa and its 
application. Furthermore, related research and studies are summarised.  
 
A general introduction, to the background of the study area is given in Chapter 3 as 
well as the location, climate, demography and water requirements which are one of 
the main contributions as input to the various models. Relevant characteristics of the 
study area are given such as the release policy from the water resource. In Chapter 
4 the methodology for developing the hydro-economic model is explained. The model 
selection, development, setup and scenarios selected for testing the model, is 
elaborated on. The results generated from the hydro-economic model as well as the 
discussion elaborating on the feasibility of the model to be used as water allocation 
decision support system, are discussed in Chapter 5. The extent to which the 
objectives have been met and the specific results in terms of the model applied to 
determine the optimal water allocation, are also presented. Chapter 6 includes the 








2.0 General  
In this chapter the concept of water allocation, assurance of supply and prioritisation 
among different user sectors and its procedures are presented. The value of water in 
a socio-economic sense is discussed. A background on the significance of the 
research is given as well as existing hydro-economic models and those in the process 
of being developed. Related studies and research are discussed and the relevant 




Water scarcity has increased globally (Speed et al., 2013). Since 1960, there has 
globally been a 55% drop in the availability of fresh water per capita (Guppy and 
Anderson, 2017). Abstraction has been twice the rate of population growth in the last 
century (International Institute for Applied Systems Analysis, 2017). The global 
demand for water is expected to grow by another 50% by the year 2030 (Guppy and 
Anderson, 2017). The threshold for water scarcity is a value of 1 700 m3 of renewable 
freshwater per capita per year. An area is said to experience a high water scarcity if 
water availability is less than 1 000 m3/cap/year. Water availability below 500 
m3/cap/year is referred to as absolute water scarcity (Liu et al., (2017). 
 
The effects of an El Niño experienced globally during 2015 and 2016 included severe 
drought and associated food insecurity, flooding, rains and high temperatures. A wide 
range of health problems such as disease outbreaks, malnutrition, heat stress and 
respiratory diseases resulted from these phenomena (WHO, 2016). The drought 
affected 386 million people. Droughts have significant impacts especially on 
agriculture and are considered one of the costliest disasters (Guppy and Anderson, 
2017). The El Niño seems to have caused the most destruction in Africa considering 
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the severity of the drought conditions in Southern Africa (AWR, 2016). Prolonged dry 
weather increased the concern of the survival of crops and cattle (McGrath, 2015). In 
South Africa, a semi-arid country with an average annual rainfall of 608 mm, the lowest 
annual total rainfall since 1904 was recorded (SAWS, 2016). Consequently, the 
drought index for South Africa indicated mild to severe drought conditions over most 
of the country. In 2016, water restrictions were implemented in the Orange River 
Catchment due to the low storage capacities of the reservoirs in the catchment as an 
effect of the drought. South Africa has a renewable water resource of 1 048 m³/person 
ranked significantly below the global average of 8 210 m³/person per year, (Haggard, 
2015). This motivates the significance of developing an optimal water allocation 
procedure to apply in times of water shortages. 
 
Water allocation plans and agreements have taken on increasing significance in 
resolving international, regional and local conflicts over access to water (Speed et al., 
2013). Analyses of the actual effect of reduced volumes of water supply on the 
economy of the selected region is important. This can serve as guideline for the 
decision-making process in terms of the division of the water use sectors into different 
priority classes. Subsequently, drought restriction rules for various water supply 
systems can be developed.  
 
Consideration should be given to prioritising the water consumers according to the 
economic benefit of the products produced with the available water within the system 
(Nieuwoudt and Backeberg, 2011). This is where water resource managers have an 
important role. It is their duty to keep the economic impact and environmental plan in 
harmony and to ensure a suitable outcome for everyone (EnvironmentalScience.org, 
2019). In South Africa the country’s water resources are managed and administered 
by the Minister of Water Affairs as the public trustee. However, the responsibility and 
authority over water resources are progressively being devolved to Catchment 
Management Agencies (CMA) who will operate at a level of Water Management Areas 
(WMAs) (WRP, 2015). The difficult task of the water resource manager is to decide 
whom to curtail and by how much, in such a manner that a total system failure does 
not occur. Assurance of supply, or the risk of failure forms the basis of sustainable 




2.2 The value of water in a social and economic sense 
Water is a critical source for human survival as well as socio-economic development 
and healthy ecosystems, making it the heart of sustainable development (Sayers et 
al., 2016). In economics the concept of essentialness refers to either an input to 
production or an input directly enjoyed by people as consumption commodity. Also, if 
an item has the characteristic that no production is possible if a specific input is 
missing, then that input is esteemed essential. Therefore, and considering that human 
life is not possible without access to five to ten litres of water per person per day, water 
can be defined as an essential final good. Water is an essential input to several 
manufacturing industries and agriculture alike (Hanemann, 2006).  
 
The International Fund for Agricultural Development developed a water footprint of 
various products which was published in a BBC article (Andreson, 2016) and is shown 
in Annexure A, Table A-1. To produce one kilogram beef can require up to 16 000 
litres of water. The water required to produce one kilogram of gold is 300 000 litres. 
However, the amount the end user pays for one kilogram beef is but 0,01% of the price 
at which gold is traded (Index Mundi & Goldprice, 2018).  
 
The total water the financial value for the volume of water required to produce Platinum 
Group Metal is equal to R686,00/m³. When compared to crop production in the 
agricultural sector, the crop with the highest financial value per cubic meter of water 
used for production is grapes at R250,31/m³.  It can be concluded that precious metals 
have a higher financial value per unit water used for production than agricultural crops. 
Information like this can be used in times of drought when decisions need to be made 
on how to distribute water equitably within the catchment (Haggard, 2015).  
 
The value of water to different users is subject to its quantity, location, timing, quality, 
variability/uncertainty and its probability of occurrence. The common issue with water 
is balancing its demand with supply at a cost which users can afford while considering 
these dimensions of its value. The challenge with meeting this balance includes 
institutional and governmental problems such as the classic economic problem of cost 
allocation. Payment of water tariffs should be incurred to cover the expenditure related 




The evaluation of the value of water is a difficult task since costs and benefits form 
part of a continuous system, are often hidden and can be difficult to measure. An 
important objective of economic policy is the improvement of living standards, which 
implies the increased consumption of goods and services. Due to the scarcity of 
economic resources, current consumption competes with future consumption (Mullins, 
2014). This is applicable to the Orange River System as the 2016 water demand of 
3 325 million m3/a from the combined Gariep and Vanderkloof Dams is projected to 
increase to 4 020 million m3/a by the year 2050. The long-term stochastic firm yield of 
this system is in the order of 3 332 million m3/a which means the system is on the 
breach of a deficit between available supply and demand. The system is in a semi-
arid region, and its economy has mainly been established from the use of water in the 
Orange River. Mining and irrigated agriculture are the primary contributors to regional 
GDP, employment and household income (SA DWA, 2013) respectively. The 
policymaker should, implicitly or explicitly, weigh current consumption against 
consumption at every stage in the future (Mullins, 2014).  
 
2.3 Assurance of water supply 
The assurance of supply of a water entitlement can be defined as “a measure of the 
probability of a certain volume being available under the entitlement”. These “are 
typically expressed by reference to a statistical performance indicator and calculated 
water resource management models” (Speed et al., 2013). It is essentially the defining 
factor of a water entitlement and will influence its performance over the long term and 
under varying conditions. The two main elements of a water entitlement are its volume 
and the assurance in terms of water availability.  
 
The entitlement holders need to know from the assurance of supply allocated to them 
how much water they can expect and how often less than their full entitlement will be 
supplied. The assurance of supply should also indicate the volume less than the norm 
and the minimum volume that can be supplied under extreme conditions. It is important 
that the entitlement holders are aware of the variability of the availability of water during 
any given year. The challenge remains in the decision of supplying different user 
sectors at different levels of assurance based on the availability of water and economic 
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growth associated with the various water use sectors. In general, water allocation 
plans intend to allocate water based on historical use as well as the political power of 
constituencies involved regionally or per user sector. An approach of strategic 
development considering more complex economic and social features may be 
required in a stressed water supply system when it comes to defining allocation plans 
(Speed et al., 2013).  
 
Modern approaches are based on more complex rules for dealing with assurance of 
supply and balancing the environmental, social and economic aspects. Speed et al. 
(2013) states that these approaches can be exemplified as a balance between the 
rights to take water and the protection of the environment. This can be further 
explained in recognition of the limit of river systems and the need to protect natural 
infrastructure. Sophisticated, risk-based environmental flow assessments can be 
launched recognising the importance of maintaining the flow regime for maintaining 
freshwater ecosystems and the services and functions that rivers provide to 
communities (Speed et al., 2013). 
 
Greater flexibility in the way water is allocated is required after the recognition of the 
significant uncertainty associated with changes in assurance of supply and the need 
for water allocation systems to respond to these uncertainties. In establishing a water 
allocation plan, it is necessary to quantify the existing water use as well as future and 
environmental demands. Two of the most defining challenges are dealing with 
variability and uncertainty; both factors are aimed at being addressed through 
assurance of supply models (Speed et al., 2013).  
 
2.4 Research applicable to hydro-economic models 
2.4.1 Overview 
Water resource systems analysis applied with simulation and optimisation models 
have since early in its development included economic objectives and constraints. The 
mathematical link between the engineering and economics is often based on 
optimisation which resulted in the development of a hydro-economic model. The notion 
with hydro-economic models is to assimilate economic, engineering and 
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environmental components of a water resource system to develop an advantaged tool 
for integrated water resource management on a regional scale (Harou et al., 2009).  
By integration of water demand curves in hydro-economic models, the gross marginal 
economic benefits can be quantified. As soon as the optimal result is limited by 
constraints, marginal values are generated. Marginal values refer to “a value of one 
more unit” and have direct economic importance. Therefore a hydro-economic model 
can be interpreted as a single-objective measured in economic units (Harou et al., 
2009).  
 
Components required for input to these models include hydrological flows, water 
management infrastructure, economic water demands, operating costs and operating 
rules. However, hardly any hydro-economic models expressly consider the stochastic 
concept of inflows due to the unrealistic calculation load (Harou et al., 2009). Existing 
hydro-economic decision support systems include MITSIM, AQUARIUS and 
AQUAPLAN. Decision Support Systems that include hydro-economic components are 
AQUATOOL, OASIS, MODSIM, MIKE BASIN, CALSIM, WEAP WSM DSS and 
WaterWare. System analysis as a methodology to enhance water management has 
been questioned due to the vastly dispersed  results and relative planeness of 
objective functions near the optimum (Harou et al., 2009).  
 
2.4.2 International studies 
The International Institute for Applied Systems Analysis (IIASA) has developed a 
hydro-economic model that operates at global, regional and basin scale. This Global 
Hydro-economic model serves as a new component of the IIASA’s water program and 
can be used to develop integrated long-term planning strategies and estimate water 
system dynamics. The driver behind the development of this model is the problem of 
water scarcity due to an increasing abstraction globally which has been twice the rate 
of population growth in the last century (International Institute for Applied Systems 
Analysis, 2017).  
 
In Spain, a hydro-economic model was developed for the Ebro basin to primarily 
investigate the climate-water nexus as well as the effect of global changes with 
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regards to agricultural economics, salinity and water scarcity at a regional scale.  The 
model was developed to specifically support decision-makers in terms of water 
planning by simulating different water management policies. The model is integrated, 
combining economic processes that drive agricultural water demands with 
hydrological processes and the regulation and operation of reservoirs (Graveline, 
2014).  
 
In the United States of America (USA), Kimaite (2011) did a research study on a hydro-
economic model for water resources assessment with application to the Apalachicola-
Chattahoochee-Flint (ACF) river basin. Three hydro-economic modelling methods 
including a holistic approach, modular approach and Computational Equilibrium 
Modelling (CGE) were identified. A holistic approach is closely linked and functions as 
one single unit where the economic model is solved within the water management 
model. The modular approach entails a loose connection between the hydrological 
and economic components where the output from either serves as the input to the 
other. With the CGE model, focus is on the overall regional economy and detail of the 
study area is important. The model operates on a basis of integration process whereby 
relationships from the economic system are linked to the hydrological system (Kimaite, 
2011). 
 
In Greece, a research study by Alamanos et al. (2016), referred to the problem of 
supplying water from limited and deteriorating water resources to meet the water 
requirements in the Lake Karla Basin. This was done by means of integrated and 
sustainable water resource management using WEAP software (Stockholm 
Environment Institute, 2016). The software was used to evaluate irrigation water cost 
and simulate supply sources, demand locations and the water balance. WEAP has a 
variety of model outputs including maps, graphs and tables and enables model 
integration with dynamic links to other models and software including QUAL2K, 
MODFLOW, MODPATH, PEST Excel and GAMS.  
 
In China, research was undertaken on Optimal Water Resources Allocation under the 
Constraint of Land Use in the Heihe River Basin (Wang et al., 2015). This perspective 
entails a multi-objective and multi-constraint program embedding the effect of land use 
as a water allocation constraint. The constraint equations, such as land use, are 
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included to reflect the constraints according to the socio-economic development level 
and local resource condition. Therefore, the allocation model was solved by means of 
the linear programming software LINGO.  
 
2.4.3 Local studies 
In South Africa, Armer studied the degree to which the risk of water supply in 
agricultural-economic modelling is addressed and used the Marico-Bosveld 
Government Water Scheme (GWS) as case study (Armer, 1998). One of Armer’s 
objectives was to philosophize about using stochastic modelling to determine the 
norms against which water shortages can be considered as disaster droughts. For the 
economic analyses the agricultural income and expenses patterns for these farming 
divisions were considered. The gross irrigation requirements which include effective 
rainfall is also a very important component of the data acquisition (Armer, 1998). 
Dynamic linear programming was used to test the economic financial feasibility of 
farming over time. Results showed a climbing trend in cash flow over time which is a 
direct result of the re-investing of surplus cash of the savings activity to the net cash 
flow. When ultimately looking at the risk requirements for the different user groups, 
irrigation is normally categorised at the highest risk of a 1 in 10 year recurrence interval 
or lower. Armer stated that theoretically it is possible to utilise a resource in such a 
way that water is supplied to various agricultural users in compliance with their 
individual water requirements in terms of the risk of failure to supply water. He 
emphasised the need for more research in agriculture-economic modelling.  
 
Grové (2007) assessed the effect of alternative water conservation and demand 
management principles in irrigation agriculture while considering the long- and short-
term risk. This would be possible by developing a generalised whole-farm stochastic 
dynamic linear programming model, an expected utility optimisation model and a 
procedure to standardise the choice of Arrow-Pratt absolute risk aversion coefficients. 
He outlined three important aspects to consider in the development of models for 
agricultural water use optimisation. These included the linear relationship between 
evapotranspiration and crop yield versus the non-linear relationship between applied 
water and crop yield; the differentiation of irrigation water from other agricultural inputs 
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considering the influence of the stock of field water on crop yields compared to the 
extent of crop water applied; and deficit irrigation which may increase yield risk. 
 
2.5 The South African context 
2.5.1 Water Allocation and Management 
Because of drought affecting parts of South Africa, guidelines were developed by the 
Department of Water and Sanitation (DWS) in 2006 for the management and operation 
of water supply systems during normal and drought conditions. The objective with 
these guidelines was to assist water resource managers and institutions to manage 
and operate water supply systems more effectively and optimally to the benefit of all 
users dependent on the specific system. The four water supply systems that were 
selected as pilot study areas for these guidelines included the Western Cape, Amatole, 
Vaal and Olifants Water Supply Systems (WSSs). These guidelines have assisted with 
the development of water supply system specific operating rules to discern whether 
the water supply from the resource needs to be curtailed or not for a given year. The 
decision on curtailment is mainly influenced by the dam levels at the end of the rainfall 
season. This establishes the severity of the level of curtailment, when it is needed, the 
timing thereof and possible relaxation after the drought subsides (SA DWAF, 2006). 
 
In these guidelines, reference is made to the prioritisation and assurance of supply 
requirements of the different water use sectors. It indicates that strategic users such 
as power stations and major industries as well as the urban sector requiring basic 
human needs, will be curtailed to a lesser degree than that of the agriculture sector. 
The levels of curtailment will be different for each system water supply. In addition, a 
lot of emphasis is given to the release of the Reserve requirements. The typical 
decision process for implementing water restrictions in water supply systems at the 
end of the rainfall season in South Africa entails the following: 
- Verification of the level of storage of the dams in the system by the end of the 
rainfall season 
- Data collection and collation in terms of water requirements and infrastructure 
maintenance in preparation for system analyses 
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- Formulation of scenarios to be analysed (discussion among decision makers and 
DWS) 
- System risk analyses of the scenarios are undertaken and those to be implemented 
are chosen. 
- Analyses results are presented at the System Operating Forum meeting to inform 
all stakeholders about the status of the system and the likeliness of implementing 
restrictions. 
- The final decision in terms of restrictions is documented in an Annual Operating 
Analysis (AOA) report. If restrictions should be implemented, a Government 
Gazette Notice is published. 
- The implementation of the system performance and adherence to restrictions 
should be monitored throughout the operating year. 
 
In addition to the guidelines, the second edition of National Water Resource Strategy 
(SA DWA, 2013a) sets out five priorities that must give effect to allocations that 
promote equity. Firstly, the Reserve refers to basic human needs at minimum 25 litres 
per person per day as well as the ecological requirement which is catchment specific. 
Secondly, the international obligation entails the International water requirements in 
terms of the agreements with riparian countries. Thirdly, water use is categorised as: 
water for poverty eradication, the improvement of livelihoods of the poor and the 
marginalised as well as uses that will contribute to greater racial and gender equity. A 
fourth prioritised water use category involves water uses of strategic importance. 
These are uses that are of critical importance to the nation and must be authorised by 
the Minister of the DWS. These uses include the transfer of water from one water 
management area to another and the continued availability of water to be used for 
electricity generation throughout the country. Fifthly, general economic purposes 
which include commercial irrigation and forestry are also categorised as priority water 
use. In this category, allocation is best dictated by prevailing local and regional 
dynamics and requirements. Demand will reflect the value of water in specific 
economic sectors and will encourage uses that create employment, contribute to the 




2.5.2 Water Resource Models 
The specific water resource models used in South Africa, originate from the model 
developed in the 1970’s by Sigvaldeson for the optimisation of hydro-power schemes 
in Canada. Since the model was imported to South Africa in 1985, continuous 
enhancements and upgrades have been made to keep it up to date with the latest 
technology. The network solver applied in this model is referred to as the “Out-of-Kilter” 
algorithm. The methodology and mathematics applied in this solver is explained in 
detail by Jensen and Barnes (1987). The network referred to typically include the 
physical system of rivers, reservoirs, pipelines, inflows and demands and is rather 
subject to being well defined and having clear set operating rules than the type of 
solver being utilised. The operating rules are defined by means of a penalty structure 
in the network. The solver analyses each time-step in the analysis and identifies the 
optimal solution (Mckenzie, 2016). 
 
2.5.2.1 Water Resource Yield Model 
The South African Department of Water Affairs (DWA) developed the WRYM for the 
purpose of planning and operating the country’s water resources. It is a refined 
network solver used in conjunction with other simulation models, pre-processors and 
utilities for modelling complex multi-reservoir water resource systems. The WRYM is 
used for historic firm and stochastic long or short-term yield reliability analysis to 
determine the yield capability of the water resource system. The analyses undertaken 
are based on a monthly time-step for a present day development level that remains 
constant over the simulation period. Various scenarios in terms of operating policies 
and different reservoir starting storage conditions can be analysed. A specific strength 
of the WRYM is that user input data, rather than fixed algorithms, is used to define the 
system network configuration and the relationship between its elements. 
 
2.5.2.2 Water Resource Planning Model 
The WRPM is primarily used for risk-based drought restriction analysis to aid with the 
development planning and operation of reservoirs and interdependent water resource 
systems. Drought curtailments are simulated for water users with different assurance 
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of supply requirements from a specific water resource. Short term yield reliability 
relationships of sub-systems are used in the WRPM to determine what the water 
availability for a specific planning horizon will be. WRPM analyses are subject to 
reservoir starting storages, system operating rules, user allocation, assurance of 
supply requirements and curtailment criteria. The application of the WRPM enables 
the evaluation and implementation of system operating rules which are adaptive to 
changes in future infrastructure and water requirements. The results generated by the 
WRYM are used in the WRPM analysis of future projection scenarios. Planning 
scenarios can either be long or short term with the main purpose to determine if a 
surplus or shortfall in the system can be expected over the analysis period. Hence, the 
severity of restrictions required and the timing of its implementation to protect the 
system from a complete failure, is determined. Short term operation is carried out for 
a five- to 10-year operation period. 
 
2.5.2.3 Historic Firm Yield 
The Historic Firm Yield (HFY) refers to the maximum quantity of water that can be 
abstracted from a water resource system without causing the system to fail to supply 
its users. Normally, an HFY analysis is based on a single historic streamflow 
sequence, which mainly depends on the severity of dry periods in each record period. 
The streamflow sequence is naturalized to eliminate the influence of development in 
the catchment. Record lengths typically range from 20 to 100 years and have a 
significant impact on the yield (Mckenzie, 2016). The longer the length of the 
hydrological sequence, the more likely the yield is to decrease or remain constant, but 
it can never increase. In Figure 2.1 the HFY is indicated with a red dot on a yield versus 
target draft graph. This graph indicates that even though the system might have the 
potential to yield more, beyond the point of “firm” yield, it is not ideal, since the system 
will experience an increasing number of failures at an increased target draft beyond 






Figure 2-1: Example of a “target draft vs. yield”-diagram (SA DWAF, 2008) 
 
It is very important to present the yield of the system together with the risk of failure. 
A specific yield at a risk of failure of 1 in 2 years is completely different to the same 
yield at a risk of failure of 1 in 200 years. Due to the limited length of the historical 
record and the knowledge that the previous sequence of events (wet and dry periods) 
will not be replicated in future, the reliability of supply associated with a specific HFY 
can only be determined by doing additional stochastic yield analyses. 
 
2.5.2.4 Stochastic yield analyses and system curtailments 
Stochastic yield-reliability curves are derived from stochastically (synthetically) 
generated monthly hydrological streamflow time-series sequences. The 
characteristics of these curves represent the assurance of supply (or risk of non-
supply) associated with a range of abstractions (yields) at different recurrence intervals 
of a drought period. Basson et al. (1994), define the reliability of supply of a water 
resource system as the probability of the inability of the system to supply the base 
yield associated with a specific target draft. The target draft is the intended volume of 
water to be abstracted from a water resource or system to supply demands over a 
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given time - normally one year. In Figure 2.2 the different colour lines are the “target 
drafts” or yields which after the “break point”, indicated by the black dots, become the 
base yield lines. The base yield lines represent the yield data points of the system for 
each individual analysed sequence fitted as a third-order polynomial equation as 
shown in Equation 2-1.  
 y=ax3+bx2+cx+d (2-1) 
 
Base yield refers to the lowest yield level recorded in a water resource system during 
a specific inflow that can supply the required target draft within a given period based 
on certain operating rules. As soon as the demand on the system exceeds the base 
yield, interventions or restrictions are required whereby the reassessment of the risk 
of failure criteria as input to the allocation procedure might be necessary. The black 
line, connecting all the “break points” of the analysed “target drafts”, is known as the 
firm yield line. The x-axis represents the reliability of supply of the system in terms of 
the number of sequences able to supply the target demand as a percentage of the 




Figure 2-2: Example of a set of “yield-reliability characteristics”-curves 
(SA DWAF, 2008) 
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The reliability of supply can be interpreted as the recurrence interval of a system failure 
to occur for a given target demand. The calculation of the risk of failure or reliability is 






















RI = Recurrence interval of failures in years 
Rn = Long-term risk of failure in percentage 
Ep = Long-term reliability of supply in percentage 
n = Number of years 
 
If a system were to fail to supply a demand once in 200 years, it has a recurrence 
interval of 1 in 200 years. It has risk of failure probability of 0,5% and an assurance of 
supply probability of 99,5%. Table 2-1 shows the various risk of failure and assurance 
of supply probability percentages associated with given recurrence intervals.  
 
Table 2-1: Recurrence Interval - Risk of failure/ Assurance of supply (WRP, 
2017) 
 
Recurrence Interval (RI) Risk of failure % Assurance of supply % 
1:200 years 0,5 99,5 
1:100 years 1 99 
1:50 years 2 98 
1:20 years 5 95 
1:10 years 10 90 




The purpose of curtailment strategy is to restrict water use during periods of drought 
to protect the resources of high priority users (SA DWAF, 2008). When revising the 
priority classification for different water users, the risk of non-supply is defined 
accordingly. This specific user allocation is derived from a qualitative approach by a 
group of decision makers. It is not based on a scientifically quantifiable approach. In 
Table 2-2, the actual volume allocated to the Irrigation and Domestic user sectors at 
the different priorities of assurance of supply for a total demand of 10 million mᶟ/a are 
shown. The priority of supply is classified as low, medium and high assurance of 
supply subject to either a level 1, 2 or 3 curtailment. The total demand will be allocated 
at 50%, 30%, 20% for irrigation and 30%, 20% and 50% for domestic users 
respectively. 
 










High (99,5% assurance) Total 
Irrigation 3,0 (50%) 1,8 (30%) 1,2 (20%) 6,0 (100%) 
Domestic 1,2 (30%) 0,8 (20%) 2,0 (50%) 4,0 (100%) 
Total 4,2 2,6 3,2 10 
Level of 
curtailment 
1 2 3  
 
In Annexure B, Figures B-3 to B-6, a practical example of how the user priorities are 
fitted on the short-term yield reliability curves is shown. The short-term yield reliability 
characteristics together with the selected allocation procedure are configured as input 
to the WRPM. Planning analyses results are normally presented in the form of “box-
and-whisker”-plots. These plots provide a convenient way of depicting a probability 
distribution, especially if there are several probability distributions to be displayed on 
a specific graph (SA DWAF, 2008). Boxplots illustrating the results of planning 
analyses can include: projected annual water demand versus system supply, 
projected annual water resource and system storage volumes as well as projected 
annual system water curtailments. Figure 2-3 illustrates such a “box-and-whisker” plot 






Figure 2-3: Box-and-whisker-plot (Mckenzie, 2016) 
 
2.5.3 Socio-economic models 
2.5.3.1 Water Impact Model (WIM) 
The WIM is a dynamic computerised water entitlement model customised for the 
irrigation sector. Economic benefits, possible water reduction and capitalised impact 
can be classified and computed. The WIM has been used in several studies in South 
Africa especially These include: Determining the Economic Viability of Different 
Planning Options and Options for the Joint Maputo River Basin Water Resources 
Study (2006-2007), Development of an Ecological Water Requirement Policy and 
Water Management Plan to Implement the Ecological Water Requirement Policy for 
the Komati River Basin (2008/2009), Vaalharts/Taung Irrigation Area (2011) and 
Implementation of the Water Resources Classification System and Determination of 









The WIM provides a method to create an appropriate economic baseline, against 
which to measure the possible impact of changes in water availability by means of 
scenarios. The economic baseline is then used to estimate the impacts of the water 
restrictions on the current production: 
• Current Production = A 
• New Production = B 
• Impact = A – B. 
It can determine the macro-economic impact of possible water reduction on the 
individual producers, the community and the economy in the selected catchments.  
 
GDP and Employment are the two main parameters to measure, but since water 
restrictions also have a social impact on poverty levels, the salaries and wages 
(household income) are also considered. A country's GDP is the total value of all 'final' 
goods and services that were produced within the borders of the country, during a 
year. Lately it is also being applied on a regional basis and it is being referred to as 
“Value Added” when applied to a relative smaller area. The composition of the GDP 
parameter consists of the following elements: 
 
GDP = consumption + gross investment +  
government spending + (exports – imports) 
(2-6) 
 
Consumption is normally the largest GDP component in the economy, consisting of 
private household final expenditure in the economy. These personal expenditures fall 
under one of the following categories: durable goods, non-durable goods and services. 
The result of this is that salaries and wages are included in the GDP value as part of 
the “consumption” element. The direct GDP value represents the value obtained of the 
above equation. The total GDP consists of the added value of indirect and induced 
GDP. These values are obtained by applying multipliers obtained from the National 
Accounts as published by Statistics SA. The total GDP is therefore a parameter that 
represents the impact on the total economy of the specific activity. 
 
GDP and employment are presented in terms of direct, indirect and induced indicators 
or impacts. Direct Impacts refer to impacts occurring directly in the irrigation or water 
dependent activity. Indirect Impacts refer to those effects occurring in the different 
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economic sectors that link backward to a specific sector due to the supply of 
intermediate inputs used in the production process. Induced Impacts refer to the chain 
reaction triggered by the salaries and profits (less retained earnings) that are ploughed 
back into the economy in the form of private consumption expenditure. The impact on 
Household Income and especially low household income is also a very good indicator 
of the impact on poverty levels in an area.  
 
The GDP, Low Income Households and Total Households as well as employment are 
estimated by the Macro-Economic Impact Model. The detail of the irrigation crops, 
areas in hectares cultivated as well as the specific crop production budgets should be 
incorporated into the WIM for calculating the macro-economic indicators in the 
selected region. These production budgets are used to calculate the labour 
requirements, tons, as well as the gross income per hectare under assumption of 
100% supply of the water allocation. The percentage water supply affects the WIM 
and the resulting indicators by a variation of the yield of crops. The WIM is illustrated 




Figure 2-4: Schematic illustration of the WIM (SA DWA, 2013b) 
 
Inputs: Example – 
Irrigation 
Agriculture 
• Main Drivers: (Water Volume: Hectares) 





Costs distributed to economic sectors taken up in 
the economy (Agriculture, Mining, Manufacturing, 
Electricity, Water, Construction, Trade and 
Accommodation, Transport and Communication, 
Financial and Business Services) 
Multipliers used, derived from Social Accounting 
Matrix 
Direct, Indirect and Induced impacts: 
• GDP 
• Employment 
• Household Income 
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The WIM needs a financial input to calculate the macro-economic impacts of the water 
use activities. The model drivers include the crop enterprise budget as well as the cost 
items converted to economic sectors. Gross income in the crop enterprise budget 
structure include: costs, variable costs, pre-harvest costs, harvest costs, insurance, 
repairs and maintenance of fixed improvements, administration costs, fuel and 
electricity, sundry and Net Farm Income (NFI). Pre-harvest costs include fuel, repairs 
and maintenance, casual labour, land preparation, seedling and seed, fertiliser, agro-
chemical, irrigation water and electricity. Harvest costs include fuel, repairs and 
maintenance, casual labour, packaging material, transport and contractor cost (SA 
DWA, 2013b). To determine the macro-economic impact of a specific irrigation crop, 
economic items including Gross Margin, NFI and Net Income as shown in equations 
2-7 to 2-9 need to be calculated: 
 Gross Margin = Gross Income-(Marketing costs and Variable costs)  (2-7) 
 
 Net Farm Income = Gross Margin - Fixed Costs (2-8) 
 
 
Net Income = Net Farm Income -  
(Yield on Capital and Management Fee)   
(2-9) 
 
The financial inputs towards the irrigation sector consist of Computer Based Enterprise 
Budgets (Previously known as Combud Budgets) which are applied to a farm model. 
The structure of budgets compiled by the Department of Agriculture, Forestry and 
Fisheries can be used as base to develop the enterprise production budgets. These 
are updated and adapted for the different production areas in terms of crop yield, 
production prices and input costs. The budget provides the data up to the Gross 
Margin on a hectare basis, after which the fixed costs are subtracted to get the NFI 
per hectare and in the end the Net Income or Profits per hectare. 
 
To determine the macro-economic impacts, the different cost items in the budget are 
allocated to structures in such a way that it is allocated to the different sectors of the 
economy as defined in the relevant Social Accounting Matrix (SAM). These are then 
applied to determine the direct, indirect and induced effects. The fixed costs are those 
associated with the general management of the farm. For the Input and output model 
as used by Statistics South Africa (Stats SA), the labour costs and intermediate costs 
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are converted to standard economic sectors. These include agriculture, mining, 
manufacturing, fuel, fertilizer, pharmaceuticals, other, water, construction, trade and 
accommodation, transport and communication, financial and business service, 
community services and salaries and wages (skilled, semi-skilled and unskilled). The 
variable and fixed costs of a specific crop enterprise budget are allocated accordingly 
and normalised to add up to a total of one. The total cost is then accrued by adding 
the Variable cost to the Fixed cost and multiplying it with the hectares as shown in 
Equation 2-10.  
 Total cost = (Variable cost + Fixed cost) × hectares (2-10) 
 
The macro-economic indicators can then be calculated by multiplying the economic 
factors by the multipliers from SAM representative for the region. An example of the 
format is given in Annexure A, Table A-2. The direct GDP is calculated by adding the 
total wages and salaries and the Gross Operating Surplus. The indirect and induced 
GDP is obtained by multiplying the total production cost with each of the multipliers. 
The same principle applies for the estimation of the employment created.  
 
2.5.3.2 WIM limitations 
The irrigation sector is usually prioritised at a lower assurance of water supply. 
Consequently, they operate their businesses at a larger risk of non-supply (of water) 
Effectively they also face the risk of potentially having a reduction in crop production 
and quality. It is therefore important to know what impact reduced water supply has on 
crop yield to ultimately determine the direct and indirect economic implications the risk 
of non-supply has on the irrigation sector.  
 
The execution of the WIM is based on the crop yield production which is influenced by 
a variation in water supply. The Food and Agriculture Organisation (FAO) of the UN 
has done a fair amount of research on crop yield response to water. They have 
developed an herbaceous crop simulation model named AquaCrop (a product 
resulting from the collaboration and consultation among crop specialists and 
practitioners worldwide). Steduto et al. (2012) address the relationship between crop 
yield and water use using a water production function which can be applied to all 
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agricultural crops. Equation 2-11 shows this relationship which can be re-written to 








)  (2-11) 
 
In this equation, Yc is the current yield in the study areas, Ya the actual yield after a 
water reduction, Ky the yield response factor, Wa the percentage water available after 
a change in water, and Wc the current water available in the study area. 
 
In the WIM, crop response is directly proportional to a reduction in water use. This is 
applied for all crops simulated throughout the WIM. Yield response factors (Ky) for 
different crops are presented in Table A-3 in Annexure A. In Figure A-1 in Annexure 
A, the linear water production functions for maize subjected to water stress are 
indicated per individual growth period. It is important to take into consideration the 
different growth stages of various crops resulting in different water requirements 
throughout the growing season. Therefore, the crop-specific yield response factors will 
also change over the growing season.  
 
Consequently, the effect water stress has on crop yield response will be more severe 
during the flowering and yield formation stages compared to the effect it has during 
the ripening and vegetative phases. The latter depends on the crop’s ability to recover 
from water stress in the preceding growing stages. When making water allocation 
decisions in times of limited water availability, it is therefore important to ensure that 
the crop water requirements during the critical crop growing stages are fully met 
instead of distributing the allocation equally over the whole growing season. 
 
The linear model currently incorporated in the WIM is not sufficient for optimal 
economic analysis. Wichelns (2014) shows that several other authors have all 
incorporated a quadratic term in their empirical studies of production functions.  
From the empirical study done on irrigated maize in Garden City in Kansas for years 
2005 to 2011, some form of non-linearity was observed (Rogers, Aguilar, Kisekka, 
Barnes & Lamm, 2015). In each of these cases there is a negative coefficient related 
to the quadratic term which shows the marginal decrease in yield. A quadratic term 
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needs to be incorporated in the WIM to have a more realistic economic parameter to 
improve estimates of the economic impact of changes in water supply. 
 
2.5.3.3 Farm Production Model 
The farm production model is designed to determine if the farmer will be able to 
continue farming on a sustainable level despite the curtailment in the water supply for 
irrigation crops. In addition to the socio-economic model inter alia the WIM and its 





Figure 2-5: Farm Production Model 
 
This model consists of the required inputs to be moved to the different phases that 
result in the viability indicators. The core result will be expressed in a “yes” or “no” 
matrix, identifying which simulation of an input option can be applied. The economic 
scenarios are derived from chosen concepts that have external financial effects 
outside the operational costs for the irrigation crops. Factors affecting income, costs, 




•Crop Production Budget (Short-, medium- and long-term)
•Economic Farm Unit Size (Large-scale, medium-scale and small-scale)
•Water Supply Curtailment (Levels 1, 2 and 3)
•Water Use (m3/ha)
Modelling
•Per hectare ratios convert to farm unit size
Results
•Change in Net Farm Income
•Change in Farm Size Unit (Number of hectares)
•Change in Net Income
Viability
• Is Net Income over life cycle Viable or Not? 
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2.5.4 Application in the Orange River System 
An AOA is important for the short-term planning and operations of a water supply 
system. The analysis is mainly driven by the starting storages of the system’s 
impoundments at the beginning of a dry season and the short-term demand 
projections of all the major water users in the system. This exercise entails a balance 
check between the available water in the system and the demand thereon. The short-
term stochastic results from the WRYM and the various classes of assurance of supply 
are incorporated into the WRPM to simulate the probable behaviour of the system. 
This methodology aids the determination of the time and volume for water restriction 
to be implemented within the system. This is monitored accordingly enabling operators 
to plan, especially in times of leering droughts.  
 
The user priority classification adopted for the 2016/2017 planning year of the Orange 
River System’s Annual Operating Analyses (Table 2-3) was similar to that used in the 
Orange Integrated Water Resource Management Plan (IWRMP). The results from the 
WRPM analyses in May 2016, indicated that 10% restrictions were required for the 
water users from the Orange River System. One of the repercussions resulting from 
the drought in 2015, was that all water supply for irrigation to the Kalkfontein Water 
User Association (WUA) was terminated and Irrigators had no allocation to irrigate for 
the 2016/2017 water year. 
 
Table 2-3: Orange River System user priority classification 2016 
 
User Sector 
% of water demand to be supplied at given assurance 
High (99,5%) Medium (99%) Low (95%) 
1:200 year  1:100 year  1:20 year  
Irrigation 10 40 50 
Urban 50 30 20 
Operational 
Requirements 
100 0 0 
Environmental 68 0 32 




2.5.5 Application in the Thukela-Vaal transfer scheme 
In November 2015 an unpublished scenario risk analysis and effectively a rapid 
Cost/Benefit analysis was done for the Thukela-Vaal transfer scheme. The analyses 
provided a comparison of the likely savings in pumping costs with the expected loss 
in economic production due to drought restrictions for selected scenarios. These 
analyses were undertaken to decrease the risk of drought restrictions in the Vaal 
System in the following five to ten years. An inter-basin transfer has a priority of 
strategic importance which, in this case, is mainly based on supplying water to the 
strategic industries located in the Gauteng region. These industries have a significant 
contribution to the GDP and 100% of their supply was allocated to the high priority 
class assuring them a water supply of 99,5%. Table 2-4 indicates the user priority 
classification applied for the Vaal River System in 2015 as percentage water demand 
supplied at the various assurance of supply indices.  
 
The two main scenarios that were compared included the Reference Scenario where 
20 m³/s needed to be pumped from October 2015 and the ESKOM scenario where 6 
m³/s would be pumped initially and increase to 20 m³/s by June 2019. The latter 
resulted in higher drought restrictions and the required implementation thereof a year 
earlier than that required for the Reference Scenario. This could have far-reaching 
economic implications and required cost/benefit analyses as well as sensitivity 
analyses to better motivate the final scenario to be selected for implementation.  
 
Table 2-4: Vaal River System user priority classification 2015 
 
User Sector 
% of water demand to be supplied at given assurance 
High (99,5%) Medium (99%) Low (95%) 
1:200 year  1:100 year  1:20 year  
Domestic 50 20 30 
Industrial 60 30 10 
Strategic industries 100 0 0 
Irrigation 20 30 50 




The simulated drought restriction results for the various scenarios were multiplied with 
the GDP production-water use relationship to determine its influence on the pumping 
cost and economic production. The pumping cost is simply the unit cost for transfer 
multiplied by each scenario’s simulated water transfer volume. A Present Value (PV) 
was determined based on the differences in the various pumping scenarios for each 
year of the planning period.  
 
The economic production and differences between the PV of the transfer costs were 
compared to indicate the likely monitory gains or losses. The economic production, 
dependent on water supplied from the Vaal River System, was obtained from the study 
“Classification of Significant Water Resources (River, Wetlands, Groundwater and 
Lakes) in the Upper, Middle and Lower Vaal WMA 8, 9, 10: Status Quo Report” (SA 
DWA, 2011). The escalated prices for 2015 are given in Table 2-5. 
 
In 2014 South Africa’s GDP was R3 008 billion (Stats SA, 2014) indicating that the 
GDP of R636 billion for the Vaal River System, contributing only 21% to the country’s 
GDP, was a conservative estimate. Nonetheless, estimates of the GDP production 
associated with the different levels of drought restrictions per user sector in the Vaal 
River System were derived based on Table 2-4 and Table 2-5.  
 
The results indicated that for Level 1 restrictions, R15 billion worth of economic 
production would be lost. For Level 2 restrictions there would be a reduction in 
economic production of R134 billion and for Level 3 restrictions the volume water 
restricted equates to R635 billion loss in economic production. The findings from these 
analyses indicate the effect of the priority classification and essentially the assurance 
of supply of water to different user sectors on the economic production within each 





Table 2-5: Economic production – Vaal River System 
 
User Sectors 
GDP (R million) Income Households (R million) 
Direct Total Low Total 
Irrigation Agriculture 1 832 6 072 9 927 5 837 
Mining 50 247 101 134 2 651 41 287 
Manufacturing 105 374 240 777 10 029 159 911 
Power Generation 44 289 57 011 1 668 23 942 
Total 201 742 404 993 24 274 230 978 
   Total Production:  635 971 
 
2.6 Summary 
Defining water allocation plans in stressed water supply systems requires an approach 
that considers more complex economic and social features (Speed, 2013). Water 
scarcity has been one of the main drivers for the development of hydro-economic 
models. Examples hereof are the Global Hydro-economic model developed by the 
IIASA (International Institute for Applied Systems Analysis, 2017) and the hydro-
economic model developed for the Ebro basin in Spain. The latter is integrated with 
combined economic and hydrological processes and the regulation and operation of 
reservoirs (Graveline, 2014). The water resources assessment of the ACF river basin 
in the USA is applied with a modular approach which entails a loose connection 
between the hydrological and economic components. Output from either serves as the 
input to the other (Kimaite, 2011). The WEAP software  is used to evaluate irrigation 
water cost and simulate supply sources, demand locations and the water balance 
(Stockholm Environment Institute, 2016). For the Heihe River Basin in China, an 
allocation model based on land constraint is solved by means of the linear 
programming software LINGO (Wang et al., 2015). According to Harou et al., 2009,  
hardly any hydro-economic models expressly consider the stochastic concept of 
inflows due to the unrealistic calculation load.  
 
The DWA developed the WRYM which uses a refined network solver in conjunction 
with other simulation models, pre-processors and utilities for modelling complex multi-
reservoir water resource systems. The WRYM is used for historic firm and stochastic 
long or short-term yield reliability analysis to determine the yield capability of the water 
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resource system. The results generated by the WRYM are used in the WRPM analysis 
of future projection scenarios. The WRPM is primarily used for risk-based drought 
restriction analysis to aid with the development planning and operation of reservoirs 
and interdependent water resource systems. Drought curtailments are simulated for 
water users with different assurance of supply requirements from a specific water 
resource. The short-term yield reliability relationships of sub-systems are used in the 
WRPM to determine what the water availability for a specific planning horizon will be. 
WRPM analyses are subject to reservoir starting storages, system operating rules, 
user allocation, assurance of supply requirements and curtailment criteria.  
 
A practical example of how the user priorities are fitted on the short-term yield reliability 
curves is shown for the Orange River System in Annexure B. The Gariep and 
Vanderkloof Dams are the two main storage reservoirs supplying the Orange River 
System. In the 2016/2017 system operating year, storage in the combined Gariep and 
Vanderkloof Dams was 46,1%. On the short-term yield reliability curve In Figures B-3, 
it can be seen that the stochastic firm yield of the system at this storage, failed to 
supply the 2016-demand of 3 426 million m3/a for the selected user priority 
classification. Therefore, restrictions needed to be imposed. If an alternative user 
priority classification was applied in the analyses, would restrictions have been 
required for the Orange River System in the 2016/2017 operating year? 
 
Water Resource Managers and System Analysists have been contemplating that the 
irrigation sector in the Orange River System is prioritised at a too high assurance of 
water supply. It is therefore important to verify by how much the water supply to the 
irrigation sector can be reduced before farming becomes unviable. The crops irrigated 
from the Orange River downstream of the Gariep Dam include wheat (25,6%), 
pastures (22,6%), maize (18%), dry fruit (10,9%), citrus (6,7%), dry beans (5,4%), wine 
grapes (3,4%), table grapes (3,2%), potatoes (2,3%), winter vegetables (1,4%) and 
dates (0,4%).  Research is therefore necessary to answer the following question: How 
does the economic sustainability of the irrigated agriculture sector influence the 





Armer used dynamic linear programming to test the economic financial feasibility of 
farming over time. He then philosophized about the use of stochastic modelling to 
determine the norms against which water shortages can be considered as disaster 
droughts (Armer, 1998). The WIM is a dynamic computerised water entitlement model 
customised for the irrigation sector and applied widely in South Africa. The model 
drivers include the crop enterprise budget as well as the cost items converted to 
economic sectors. The percentage water supply affects the WIM and the resulting 
indicators by a variation of the yield of crops. In contradiction to Harou’s finding, the 
combination of the WRPM and the WIM will be able to take into consideration the 
stochastic concept of inflows for economic analyses. But can a hydro-economic model 
be developed by combining the WRPM with the WIM to assess optimal regional water 






STUDY AREA DESCRIPTION 
3.0 General Remarks 
The Orange River Project (ORP) was initiated for irrigation agriculture as well as 
hydro-power generation. Actual development started soon after the White Paper on 
the project was tabled in Parliament in 1952. It is a comprehensive project that 
included the construction of the Gariep (1971) and Vanderkloof Dams (1977) - the two 
largest storage dams in South Africa. As part of this project, water is transferred via 
the Orange-Fish scheme from the Gariep Dam to the Great Fish and Sundays Rivers 
in the Eastern Cape (SA DWS, n.d.). In 2016 and 2017, water restrictions amounting 
to 15% for the agricultural sector and 10% for the urban sector were imposed in the 
ORP catchment. Therefore, with its diversity especially the irrigated agricultural sector, 
its challenging warm climate and low rainfall making it susceptible to regular water 
shortages and its immense water augmentation initiatives, the catchment of the ORP 
was considered as an ideal study area. The catchment of the ORP was considered as 
an ideal study area due to its diversity among the three water use sectors, its 
challenging warm climate and low rainfall as well as its immense water augmentation 
initiatives. In this Chapter, information on the characteristics of the Study Area is given. 
These include location demography, soil, climate, water use and available supply as 
well as the assurance of supply requirements. 
 
3.1 Location and demography 
The Orange River System is part of the Orange-Senqu Basin which is in Southern 
Africa. The basin encompasses all of Lesotho, a large part of South Africa, 
southwestern Botswana and southern Namibia. The river originates from the 
tributaries of the Senqu River sub-basin in the Highlands of Lesotho at elevations of 
more than 3 000 m (m.a.s.l.). It meanders through the mountainous eastern parts of 
the country crossing the border of the Republic of South Africa (RSA) from where the 
topography gradually flattens. In the RSA the Orange River forms the southern and 
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south eastern border of the Free State Province and is impounded by the Gariep and 
Vanderkloof Dams. Downstream of these dams the elevation profile is fairly level as 
the river flows through the semi-arid Karoo and Kalahari plains of Northern Cape 
Province. Water is released from the Vanderkloof Dam to the Riet River catchment 
and various downstream users of the Orange River. Flow continues for 2 300 km 
where the Orange River meets the Atlantic Ocean at Alexander Bay on the western 
coast of the RSA.) Figure 3-1 shows the location of the study area. The elevation 
profile of the Orange River from Gariep Dam to the estuary at Alexander Bay is 




Figure 3-1: Location of the Study Area (SA DWS, 2017) 
 
The urban demand centres in the study area are indicated as blue dots in Figure 3-1. 
Upington, with a population of 82 208, is one of the large towns along the Orange 
River reaches. Large towns in the Eastern Cape include Cradock and Grahamstown 
with populations of 36 671 and 67 624, respectively. Approximately 1.64 million people 
are dependent on water supplied from the combined Gariep and Vanderkloof Dams. 
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This information was obtained from the Central Statistics database (Census 2011) and 
the Central All Towns Reconciliation Strategies Study finalised by the DWS in 2016.  
 
3.2 Climate 
The main stem of the Orange River from the Gariep Dam to approximately 200 km 
upstream of the estuary forms part of the Nama Karoo ecoregion. This ecoregion 
comprises several different vegetation types and mainly receives summer rainfall. The 
last stretch of the river flows in the Succulent Karoo region with inconsistent and highly 
variable rainfall throughout the year (ORASECOM, n.d.). The average annual rainfall 
in the Orange River basin is in the range of more than 2 000 mm in Lesotho in the east 
to as little as 30 mm in some areas in the western part of the basin known as the Lower 
Orange. Here the annual evaporation can reach extremes of 3 000 mm resulting in an 
average per capita availability of water of just more than 1 000 m³/a. This is the 
borderline between a chronic stressed (500 m³/a to 1 000 m³/a) and a water stressed 
(1 000 m³/a to 1 700 m³/a) region. 
 
3.3 Soils 
The Orange River Basin pre-dominantly consists of weakly developed soils and sands. 
It is susceptible to land degradation and soil erosion because of poor land 
management practices and vegetation cover.  The soil types in the ORP region mainly 
consist of Luvisols & Vertisols (between the two large dams), Leptosols (along the 
river) and Cambisols (ORASECOM, n.d.).  
 
3.4 Water use and Cropping Pattern 
The ORP includes only the users requiring water from the Gariep and Vanderkloof 
Dams. The updated water requirements for the Orange AOA in 2016/2017 were 
applied in this research (SA DWS, 2017). Figure 3-2 indicates the percentage water 
use per sector in the Orange River system. The irrigation sector is the predominant 
user of water at 64% of the total water requirement. The urban and mining sector is 
the smallest water user in the Orange River System and uses approximately 4% of the 
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water. The environmental requirements in the Orange River System are in the order 




Figure 3-2: Water use per sector in the Orange River System 
 
For previous studies pertaining to the Orange River System, an approach was followed 
whereby the Orange River and its major tributaries were divided into 22 river reaches. 
All the irrigation water volume and area estimates for each of the 22 river reaches in 
the Upper and Lower Orange CMAs and cross-border components are presented in 
Annexure B Table B-1. The total urban water requirements in the Orange River 
System at the 2016 development level were 146 million m³. Of the 53 million m3 water 
transferred from Gariep Dam to the Eastern Cape, 32 million m³ was utilised as 
augmentation to the water requirement of Nelson Mandela Bay Metro (SA DWS, 
2017). Table B-2 in Annexure B lists the urban water requirements in the ORS (Orange 
River System) per river reach at the 2016 development level. 
 
Water Users among the large irrigation schemes include: The Great Fish River WUA 
and the Lower Sundays River WUA in the Eastern Cape, the Orange Riet WUA, the 
Vanderkloof WUA, the Orange-Vaal WUA, the Boegoeberg WUA and the Kakamas 
WUA. There aren’t many mining activities along the Upper and Middle Orange River 
reaches. most of the mines are situated along the Lower Orange River reaches. A 





Irrigation Urban/Mining Losses Environmental
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ORRS (Orange River Replanning Study) in 1997 (SA DWAF, 1997). Some of the most 
common crops cultivated along the Orange River Reaches are listed in Annexure B, 
Table B-3. These crops include those cultivated in the Great Fish and Sundays River 
catchments in the Eastern Cape. The total area and volume applied for the economic 
analyses to be carried out in this research study is 164 678 hectares and 2 093 million 
m³ respectively. 
 
The same cropping pattern based on that sourced from Table 6-4 in the Orange Recon 
Task 8 report (SA DWA, 2013b), is applied to the irrigation areas adopted for this 
research study. These crops include those cultivated in the Great Fish and Sundays 
River catchments in the Eastern Cape and are dependent on water from the Orange-
Fish transfer scheme. The cropping pattern adopted for the Eastern Cape (EC) for the 
water transferred from Gariep Dam for irrigation use, was sourced from the Great Fish 
River and Sundays River WUAs. The cropping pattern per selected economic region 
is summarised in Table B-4 in Annexure B in hectares and percentage. Figure 3-3 
presents the weighted percentage distribution per crop type cultivated in the Study 
Area, including the Upper Orange West, Lower Orange East, Lower Orange West and 













Table Grapes (Vine); 3,2%
Wine Grapes (White); 3,4%
Dry Fruit (Vine); 10,9% Dates; 0,4%
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Based on the crop type classification in Annexure B Table B-5 and the cropping pattern 
identified in the Orange River System, it can be seen that 75% of the crops cultivated 
are permanent and 25% are temporary crops. This is important to consider when 
defining the user priority classification criteria as permanent crops require a higher 
assurance of water supply than temporary crops to maintain viable farming practices. 
The distribution percentage per crop type is given in Table 3-1. 
 
Table 3-1: Crop type distribution % Orange River 
 










Table Grapes (Vine) 3 
Wine Grapes (White) 3 
Dry Fruit (Vine) 11 
Dates 0 
 
3.5 Socio Economy 
In the Internal Strategic Perspective for the Orange River System Overarching (SA 
DWAF, 2004), it was indicated that 6% of the country’s GDP originated from the Upper 
and Lower Orange River WMAs of which only 1% was from the Lower Orange WMA. 
The GDP contribution in this region mainly consists of agriculture, mining, trade and 
Government. According to Stats SA, the national GDP composition by sector in 2015 
(estimate) was: agriculture 2,4%, industry 30,3% and services 67,4% (Stats SA, 2017). 
The Northern Cape Province is the main offset for products produced within the 
different water use sectors using water from the Orange River between the Gariep 
Dam and the Orange River mouth. At 6%, this province is the largest contributor to the 
national agricultural GDP. In 2016, the irrigation agriculture sector contributed R14,12 
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billion to the GDP, employed 148 442 people and generated a total household income 
of R11 billion within the ORP System.  
 
For decision supporting purposes in terms of restricting water use in the different user 
sectors, it is important to compare the irrigation and mining activities from an economic 
point of view. Mining is a non – renewable resource. The most recent estimation is 
that within 50 years the resource will be finished. Although irrigation uses much more 
water than mining, it provides more local employment opportunities than mining – 
nearly 30 000 versus 8 213. Mining is more profitable and adds more to the GDP than 
irrigation. Mining also pays more in wages and salaries compared to irrigation. In Table 
3-2, an economic comparison is made between irrigation and mining activities and 
their respective economic indicator per annum in the Lower Orange River. A temporary 
or permanent water restriction will have a detrimental impact on mining and will impact 
its long-term sustainability and contribution to employment. 
 
Table 3-2: Comparison between Irrigation and Mining as economic 
indicator (Conningarth Economists Database 2017) 
 
Indicator Unit Mining Irrigation 
Direct GDP Rand million R23 500 R3 522 
Indirect and Induced 
GDP 
Rand million R21 489 R2 369 
Total GDP Rand million R44 989 R5 991 
Direct Employment Number 8 213 29 782 
Indirect and Induced 
Employment 
Number 87 924 20 554 
Total Employment Number 96 137 50 336 
Low Income HH 
(Households) 
Rand million R9 655 R913 
High and Medium HH 
(Households) 
Rand million R28 824 R2 223 




3.6 Release policy 
The DWS initiated the process of identifying and formulating intervention measures 
that will ensure enough water can be made available to supply the water requirements 
for the next three to four decades within the Orange River System. Therefore, a 
Reconciliation Strategy for the Orange River Bulk Water Supply System was 
developed in 2015. This was to ensure that enough water can be made available to 
supply the current and future water needs. Water requirements are updated on an 
annual basis when the AOA is executed. Urban water requirements are more prone 
to increase than the irrigation water requirements. This is due to the population growth 
over time versus a fixed water allocation in the irrigation schemes. These volumes are 
to be released from Vanderkloof and Gariep dams to satisfy the downstream 
requirement and to be simultaneously utilised for hydro-power generation. Additional 
releases from both Gariep and Vanderkloof Dams for power generation are subject to 
the water availability in the system. A portion of urban water use also forms part of the 
Reserve in terms of the Basic Human Need.  It is important that any water supply 
curtailments in this sector will at least allow for the Basic Human Need to be supplied. 
Any curtailments in this sector will start at the garden irrigation which does not 
contribute to the GDP or Basic Human Need.  
 
In terms of environmental releases, it is assumed that the total volume allocated to 
losses will be released from the resource and therefore categorised at the highest level 
of assurance of supply. Since it is part of the Reserve that needs to be supplied, it is 
unlikely to be subject to water supply curtailments. However, for the current 
operational scenario in the Orange River System, 32% of the Environmental Water 
Requirements (EWR) are allocated at an assurance of supply of 95% which is within 
the level 2 curtailment category. A total volume of 287,5 million m³ is released from 
the Orange River System for the Orange River mouth. This was documented by the 
DWAF as long ago as 1996 during the ORRS. A classification study to obtain the final 
agreed on EWR that needs to be released in the Orange River System is underway. 
Once this is signed off by the DWS, the user priority classification will need to be 
reviewed and adjusted accordingly for the Reserve requirements to be adhered to.  
A discretionary allocation to the DWS Regional office, approximately 100 million m³/a, 
is normally accounted for in the releases. This volume forms part of the overall 
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operating requirements of the Orange River System and can also be utilised by Eskom 
for hydro-power generation purposes. The volume and time of the releases are 
however determined by the DWS regional Offices. Releases from Gariep Dam should 
always be made with caution to prevent Vanderkloof Dam from rising above its 
Storage Control Curves (SCC) level. This specifically applies when normal releases 
are made. Only when Gariep Dam is above its SCC and high releases from Gariep 
has therefore been made accordingly, should water levels in Vanderkloof Dam be 
allowed to rise above its SCC. Water from Vanderkloof Dam can then be released 
through the turbines at maximum capacity to reduce/prevent spilling from the dam. 
The SCC used for Gariep and Vanderkloof Dams and the proposed releases through 
the Orange/Fish tunnel are given in Table B-6, Table B-7 and Table B-8 in Annexure 
B respectively. These volumes exclude additional volumes to cover irrigation 
distribution losses in the Eastern Cape.  
 
3.7 Available supply 
The HFY of the ORP (Gariep and Vanderkloof Dams) according to Scenario 1 (Recon 
Study) is 3 325 million m3/a without EWR and 3 038 million m3/a including EWR 
releases. The long-term stochastic firm yield for the ORP at various recurrence 
intervals as well as the long-term curve for the ORP system with Polihali Dam included, 
are presented in Annexure B - Table B-9 and Figure B-2, respectively. 
 
The short-term stochastic results are also quoted as the total system yield at the 
various starting storages of the dams. The short-term stochastic yield characteristics 
for the ORP system were determined for two scenarios. The first is Scenario 1 (same 
as for long-term stochastic yield) and the second scenario is similar to Scenario 1 but 
with Polihali Dam included. The results are summarised in Annexure B in Table B-10 
and Figure B-3 (Polihali dam included) and Table B-11 and Figure B-4 (Polihali dam 
excluded) respectively. The short-term curves for the ORP system at 40% starting 







4.0 General Remarks 
In this chapter, the development of a new hydro-economic model as decision support 
system for assessing optimal regional water supply is discussed. The scenarios to be 
used for the system analyses are identified, discussed and further developed. The 
analyses to be undertaken will form part of an iterative process in finding the best 
scenario among those identified. Amendments thereof will cater for extreme 
probabilities. The configuration of the existing models incorporating the identified 
scenarios is discussed and the model setup for the proposed hydro-economic model 
is explained. This chapter also looks at the actual model simulation and the process 
analysis to determine the success of the hypothesis.  
 
4.1 Development of Hydro-Economic Model 
4.1.1 Model selection 
The WRYM, WRPM and WIM are currently applied in practice in South Africa to make 
informed governmental decisions and undertake feasibility studies in most of the water 
supply systems. This motivates its accuracy and reliability. For most of the large 
systems, operating analyses are undertaken on an annual basis. Input data and 
scenario definitions are normally up to date and readily available. These larger 
systems include the Integrated Vaal River System and the Orange River System. Yield 
analyses for larger systems are normally undertaken every five years and the DWS 
continuously have studies underway requiring the update of system yields (Mckenzie, 
2016). The WRPM makes use of dynamic stochastic risk of failure analysis over the 
planning period. This analysis considers the demand growth, restriction of demands 
during droughts, phasing-in of intervention options over time, the impact of filling times 
of new storage dams as well as the requirements of water quality-related operating 
rules. The required timing of intervention options can therefore be determined more 
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accurately by the WRPM application than by only comparing yield and demand growth 
over time as with the WRYM (DWA, 2013c).  
 
The WRPM uses the short-term stochastic yield characteristics as part of the operating 
rule to impose restrictions on water use. It also activates transfers to support a water 
supply system or sub-system to protect the resource from running empty during severe 
drought periods. The resource starting storage at the beginning of a new system 
operating year (May in South Africa summer rainfall region), is an important input value 
to the WRPM. The results generated from stochastic analyses indicate the probable 
system storage behaviour. This projection is based on the hydrological characteristics 
and demand on the system relative to its storage. Consequently, when the storage is 
below preferred operating levels, system curtailments may be required. 
 
The WIM is an econometric model, developed by Conningarth Economists with the 
multipliers synthesised from a specific Provincial SAM. The macro-economic 
indicators are calculated by the incorporation of the details of the irrigation crops, the 
areas in hectares cultivated and the specific crop production budgets. The GDP, Low 
Income Households and Total Households as well as employee creation are estimated 
by the Macro-Economic Impact Model. The WIM will be adapted to utilise the risk 
analysis time series and produce the required economic indicators. It has specifically 
been selected for this study because it has been applied before in studies of the 
Orange River System and will best accommodate an economic analysis where 
irrigation agriculture is the largest water user. 
 
4.1.2 Model setup 
The objective of the research study is to combine the WRPM and WIM and test its 
performance. This can be achieved by creating a link between the output of the WRPM 
and the WIM to construct a hydro-economic model. The model will then serve as a 
decision support system in terms of optimal water allocation in times of drought. An 
output file known as the sys.out is generated by execution of the WRPM, from where 
the factor of the level of curtailment required on the system is obtained. This factor is 
then multiplied with the curtailment factor specified in the user priority criteria. It is then 
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also expressed as a percentage of the total water supply curtailment to the irrigated 
agricultural sector which is used as input to the WIM. This process is indicated in 
Figure 4-1.  
 
There is also the option of linking outputs from the WRYM model with the WIM. The 
output files to be used are known as the plt.out and the dem.out. In these files the 
monthly volume of demand and supply for each of the demand channels are 
summarised. These volumes are then converted to annual volumes and the proportion 
of the difference between the total system demand and available system supply, is 
then multiplied with the factor defined in the user priority criteria table. It is then 
expressed as a percentage of the water supply curtailment to the irrigation agricultural 








Figure 4-2: Procedure using the WRYM 
 
Figure 4-3 provides a schematic representation of the overall process showing the 
models applied, the information flow linkages as well as the key results that are 
envisaged from the various analyses steps. Each element in the analysis process is 
Sys.out 
Annual level of 


























labelled by an alphabetic letter in brackets, while the arrows indicate the flow of 
information (data) between the elements. There are two information flow paths, 
respectively indicated by the red and blue arrows (see explanation in subsequent text). 
Multiple scenarios were analysed as reflected by the “S1”, “S2” … and “Sx” labels. 
Descriptions of each of the process elements are provided (next) in order of the 
sequence in which they are applied. 
 
(A) User priority and risk criteria 
The user priority and risk criteria definition or table is the primary input data set that is 
varied in the scenario analyses. The objective is to evaluate the economic implications 
of alterative settings of the user priority table with the aim to find the optimum or most 
suitable set of parameters. 
 
(B) Water Resource Planning Model (WRPM) 
The simulations of the water resource system were undertaken with the WRPM.  
Drought restrictions were modelled through the application of the embedded allocation 
algorithm. The simulations are carried out for 1 000 stochastic sequences, considering 
both constant development and projections analyses of the configured network 
systems.  The output from the WRPM analyses for use in the further steps, are times 
series of drought restriction levels. 
 
(C) Risk analysis (results from WRPM) 
Figure 4-4 is an example of the sys.out file as output from the WRPM for 1 000 
sequences. The output from the WRPM risk analysis is time series of drought 
restriction levels (for 1 000 stochastic sequences) as determined by the WRPM at the 
selected annual or bi-annual decision dates in the simulation period. This output 
relates directly to the scenario’s user priority definition (A). The restriction level scale 
represents the volumetric magnitude of the restriction for each of the risk levels in the 
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Figure 4-4: Example of sys.out file output from WRPM 
 
(D) Water Impact Model (WIM) 
In Table 4.1 an example is given of the economic loss per crop calculated in the WIM 
based on 20% less than the baseline water being supplied. The input to the WIM 
comprises of water volumes supplied to the various crops as well as the specific 
production budgets for each crop. The production budgets are made up of variable 
costs and fixed costs to determine the gross income for each of the crops. It also gives 
the labour requirements per hectare, as well as the current crop yield at 100% water 
supply. The gross income is modelled to simulate the impacts that are distributed 
through the economy, by means of multipliers derived from the South African National 
SAM. The WIM thus yields direct, indirect and induced impacts for both GDP and 
employment. 
 
(E) Gross Domestic Product (GDP) vs. restriction relationship 
A further derived output from WIM is a relationship (curve) between the level of 
restriction and an economic indicator, such as GDP. The outcome of the research 
(scenario simulations and sensitivity analysis) indicate the variables influencing this 
relationship. It also indicates whether the application thereof (once it is determined for 
a water resource system by WIM) can be applied as substitute for the full WIM. An 
example of such a relationship is shown in Figure 4-5.  
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Table 4-1: Projected economic loss per crop due to water restrictions (in R million) 
 
Crop Surplus Value  Capital Household Income  GDP  Employment (Numbers) 
 Direct Total Total Medium Low Direct Indirect and Induced Total Direct Indirect and Induced Total 
Maize R205 R595 R177 R116 R61 R261 R174 R435  5 826  1 014  6 841  
Soya Beans R16 R18 R4 R2 R2 R16 R5 R20 26  26  52  
Dry Beans R16 R17 R10 R7 R2 R16 R4 R20 140  25   164  
Industrial Tomatoes R0 R0 R0 R0 R0 R0 R0 R0 -     -    -    
Fresh Tomatoes R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Potatoes R132 R181 R100 R72 R28 R134 R51 R184 1 591   301  1 893  
Summer Vegetables R29 R39 R25 R17 R8 R30 R11 R41 814  56  870  
Winter Vegetables R0 R0 R0 R0 R0 R0 R0 R0 782  -    782  
Wheat R0 R0 R0 R0 R0 R0 R0 R0 2 346  -    2 346  
Lucerne R420 R446 R218 R164 R54 R420 R118 R537 8 708  655  9 364  
Sugar Cane Irr R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Bananas R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Grapes Fresh R412 R448 R107 R54 R53 R414 R119 R533 2 899  664  3 564  
Grapes Wine R109 R115 R77 R56 R22 R109 R31 R139 709  170  879  
Grapes Dry R368 R403 R190 R142 R48 R372 R107 R478 3 692  593  4 286  
Macadamias R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Citrus Valencia’s R555 R589 R370 R272 R99 R555 R156 R710 9 653  866  10 519  
Citrus Grapefruit R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Avocadoes R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Litchis R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Deciduous Fruit R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    
Palm Dates R63 R83 R39 R29 R10 R70 R22 R92 85  123  208  
Mangoes R0 R0 R0 R0 R0 R0 R0 R0 -    -    -    





Figure 4-5: GDP Loss vs Volume for indicated restriction levels 
 
To derive a relationship between each economic indicator and the curtailed water 
supply volume, regression analysis was applied. This is a statistical process used to 
estimate the relationship between dependent and independent variables. The 
selection of a regression model entails comparing the goodness of fit for different 
models by analysing different metrics such as R-squared. For the results generated in 
this study, various trendlines were fitted using Microsoft Excel to find the best 
relationship. These included linear, logarithmic and second and third order polynomial 
equations.  
 
(F) Economic Indicators 
With the WIM, annual time series of economic indicator(s) are produced and the output 
(1 000 sequences) is presented graphically as probability distribution plots (box plots) 
for inspection and comparison among the scenarios.  Detail evaluation of the input 








results from WIM.  Typical checks entail determining if the expected variations 
(changes) occur, given the characteristics of the simulated restriction time series. The 
WIM gives outputs in the form of GDP and employment in the economic regions of the 
study areas. The impact on GDP reflects the magnitude of the values added to the 
regional and wider economy from activities using the water. Labour is a key element 
of the production process, especially in agriculture. WIM estimates the number of 
employment opportunities that are supported by the use of water in the irrigation 
sector, versus the reduction in employment due to a reduction in water available for 
irrigation. These employment opportunities are broken down into those created directly 
by the irrigation sector, and those created indirectly and induced throughout the 
broader economy. 
 
(G) Present Value of Economic Indicator 
To account for the time value of a time series of monetary metrics, the PV of each of 
the 1 000 sequences is calculated to provide a probability distribution of the PV for 
each scenario.  This indicator ensures if the proposed method can be used to evaluate 
time dependant decisions. These decisions are whether moderate drought restrictions 
should be implemented now or be delayed until later when more severe restrictions 
are implemented at a certain risk. The PV of the GDP loss (in R million) is used to 
have one single comparable value for the economic output of the WIM for all the 
simulated sequences. This process is shown in Table 4-2 and Table 4-3 where the 
values over the analyses period (10 years) are discounted to a PV for each of the 1 
000 simulations at three different discount rates. In both tables, results are only shown 
for eight of the sequences. 
 
Table 4-2: Annual GDP loss for 1 000 sequences 
 
Year Sequences 
1 2 3 4 5 6 7 8 
Year 1 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Year 2 8 870,66 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
Year 3 0,00 2 015,58 0,00 0,00 0,00 0,00 0,00 0,00 
Year 4 0,00 6 660,96 0,00 0,00 0,00 4 451,66 0,00 0,00 
Year 5 0,00 3 980,43 0,00 784,16 0,00 0,00 0,00 0,00 




1 2 3 4 5 6 7 8 
Year 7 0,00 10 088,35 0,00 0,00 247,49 0,00 0,00 0,00 
Year 8 0,00 13 908,16 0,00 0,00 1 210,40 2 039,04 0,00 0,00 
Year 9 1 039,58 0,00 868,61 1 763,79 2 121,62 0,00 0,00 0,00 
Year 10 7 891,62 2 562,95 0,00 0,00 0,00 0,00 0,00 0,00 
 




1 2 3 4 5 6 7 8 
Discount rate 1 17 801,87 46 733,81 868,61 2 547,95 3 579,52 6 490,70 0,00 0,00 
Discount rate 2 12 916,83 32 108,91 514,13 1 629,96 2 179,80 4 805,45 0,00 0,00 
Discount rate 3 11 780,56 28 530,02 434,52 1 416,02 1 859,69 4 373,73 0,00 0,00 
 
(H) Expected value (mean) of Economic Indicator 
This entails calculating the mean of the 1 000 PVs to serve as a single indicator output 
- the expected PV for a scenario. For example, the loss in GDP is used to have one 
single comparable value for the economic output of the WIM for all the simulated 
sequences. Furthermore, the calculation of the mean of the 1 000 PVs can be 
discounted at either 0%, 6% or 8%. Water Research Commission publication 
TT598/14, “A Manual for Cost Benefit Analysis in South Africa with Specific Reference 
to Water Resource Development”, pages 63 to 70 provides a detailed analysis of the 
theoretical background of selecting an appropriate discount rate. In short, the discount 
rate can be defined as: The discount rate is the rate of return used in a discounted 
cash flow analysis to determine the present value of future cash flows.  
 
The official rate in SA for an economic price calculation is 8%, as proposed by the 
Reserve Bank. In the case of financial priced models, 12% is used. The effect of this 
is that for proposed investments making no provision for inflation, 8% is used and for 
calculations where inflation is considered, 12% is applied. For sensitivity analysis 
different rates are used. The “Environmental Lobby” is asking for a 4% to 6% rate. 
Many countries have changed the rate over time. The USA used 10% before 1992, 
and 7% thereafter. The Peoples Republic of China use 8% for short- and medium-




A key activity of the research entails developing the required data (input and output) 
handling and calculation automation software utilities (algorithms) to sequentially 
perform each of the analysis steps shown in Figure 4-3. The software utilities or scripts 
were developed in Visual Basic for Excel allowing easy linkage to WIM (an MS Excel-
based model) and utilising existing text file processing methods that is available to 
manipulate the output of the WRPM. Figure 4-6 shows the interface of the new hydro-
economic i.e. ASM. The user curtailment proportions in Figure 4-6 are for the irrigation 
sector only. This is the main input to change to find the optimum user allocation for the 
irrigation sector. The input is cumulative based on the user priority classification shown 




Figure 4-6: Interface of the Assurance of Supply Model 
 
Table 4-4: User curtailment proportion as input to model 
 
Risk of failure 1/20 years  1/100 years  1/200 years  
Assurance of supply 95% 99% 99,5% 
Level of curtailment 1 2 3 
Proportion of demand 0,5 0,4 0,1 








vs curtailment levels 




4.1.3 Scenario development 
In terms of the development of scenarios to be analysed for this research study, it is 
important to bear in mind the objective of the study and identify sensible scenarios to 
analyse. Therefore, the WRPM configuration as well as the user priority classification 
as applied in the Orange AOA 2016/2017 planning year, was adopted for analyses to 
be carried out in this research study. The scenarios identified and analysed for the 
Orange AOA 2016/2017 were specifically selected since they seemed to deliver 
results for the best operating procedure in the short term. The results from the 
scenarios analysed for the Orange AOA 2016/2017 planning year will be applied to 
test the new model. The scenarios are summarised in Table 4-5. For all these 
scenarios the impoundment of Polihali Dam, planned to start in 2022, was taken into 
consideration. Flows entering the Gariep and Vanderkloof Dams (Orange River) will 
be impounded by the Polihali Dam. This will result in a reduction in the yield of the 
Orange River system due to reduced inflows, and subsequently a deficit in the Orange 
River system. 
 









Constant Development Scenario: Based on Base Scenario with zero 






Projection analysis used to determine current and future assurance of 
supply violations, as well as storage projection plots & flow projection 
plots for the Orange River System and Greater Bloemfontein BWS 
(Bulk Water Supply) systems. 
System analysed: 10 year period. 
Reservoir start storage levels: 2 May 2016 observed storage levels. 
Future dams: Polihali and Neckartal dams included from March 2023 
and December 2017 respectively. 
Demands: Latest updated 2016 demands (with expected growth over 







Eskom discretional allocation: 0 million m³/a included in all the years.  
DWS Northern Cape discretional allocation: 100 million m³/a. 
Operating losses: 80 million m³/a. 
Transfers to the Eastern Cape: Set equal to the 2016 allocations 
(excluding additional releases from Gariep Dam to cover losses in the 
Eastern Cape). 
 
Scenario C (Sc3) 
 
 
Used to determine the impact of releases exceeding the target draft as 
occurred during the 2015/16 operating year. 
Based on the Base Scenario with the following changes: 
Allowing Eastern Cape losses to be supplied from Gariep Dam. 
Allowing 20% higher releases into the Vanderkloof canal system. 
 
The first scenario analysed was based on a constant development level. This means 
that no growth in water requirement over the analysis period is taken into 
consideration. The second scenario, referred to as the base scenario, takes growth 
for a period of ten years into calculation. The base scenario originates from the 
Scenario 1 in the Development of Reconciliation Strategies for Large Bulk Water 
Supply Systems: Orange River in November 2013 (SA DWA, 2013c). From here on 
referred to as Orange Recon Study. This scenario reflects the status of the water 
supply system at the time of analysis. Any potential plans or significant changes to the 
operation of the system can be configured in the base scenario. Such changes and 
plans to the base scenario can then be interpreted as the formulation of new scenarios. 
The base scenario was set up to determine the timing of intervention options after the 
future implementation of Polihali Dam - Phase 2 of the LHWP (Lesotho Highlands 
Water Project). This scenario includes water conservation and demand management, 
real time modelling and monitoring to reduce operating requirements as well as shared 
utilisation of the Polihali Dam from 2022 onwards. 
 
The third scenario, referred to as Scenario C, was formulated based on the excessive 
actual use from the Orange River system monitored during the 2015/2016 operating 
year. It was decided to also undertake an analysis that would allow for irrigation 
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distribution losses for the water supplied to the Eastern Cape from Gariep Dam as well 
as 20% higher releases into the Vanderkoof canal system. This would be more realistic 
and provide for a possible worst-case scenario in terms of low dam starting storage 
levels and possible curtailments to be imposed on the system.  
The volume of demands imposed on the Orange River System was that of the 
2016/2017 development level. The user priority classification applied for the Orange 
River System is presented in Table 4-6 and it is based on Scenario 1a from the Orange 
Recon Study.  
 




% of water demand to be supplied at given assurance 
High (99,5%) 
1:200  




Low (95%)  
1:20   
Irrigation  10  40  0  50  
Urban  50  30  0  20  
Losses  100  0  0  0  
 
The curtailment plot in Figure 4-7 results from the WRPM analysis for Scenario 1a and 
indicates a continuous violation of the curtailment criteria of the Orange River System 
from 2019 onwards (areas in red). The increase in the initial small violation is a result 






Figure 4-7: Scenario 1a Orange River System curtailment plot (SA DWA, 
2013c) 
 
In addition to the scenario configuration defined in Table 4-5, it was decided to also 
amend the water allocation definition (user priority classification) to the different user 
sectors. The motivation behind this is to determine the assurance of supply 
requirements that would render results necessitating either smaller system 
curtailments or postpone the need for curtailments, or both. Two alternative assurance 
of supply criteria options were presented and discussed at the third study steering 
committee meeting for the Development of Reconciliation Strategies for Large Bulk 
Water Supply Systems: Orange River in November 2013 (SA DWA, 2013d). The 
interpretation of the results conceded that a lower assurance of supply leads to a larger 
volume of water that can be supplied. This also leads to less protection of the system 
or source during extreme dry periods. The water supply to the urban/industrial sector 
will also improve because of lower assurance of supply to the irrigation sector. In 





The first alternative user priority classification is based on Scenario 1c from the Orange 
Recon Study and will be referred to as user priority “option a” from here on. This 
scenario required the short-term stochastic yield characteristics as part of the 
operating rule be used to be able to determine the impact of the reduced assurance 
of supply to the users from the Orange River System. The user priority for this scenario 
defines that 70% of irrigation is supplied at a 1 in 10 year assurance of supply and 
30% in a 1 in 100 year assurance. In Figure 4-8 the results from this analysis shows 
a significant reduction in the violation of the curtailment criteria which is only pertinent 
from the inclusion of Polihali Dam in 2022 onwards. This scenario would increase the 
available yield at the 1 in 10 year of assurance of supply by 170 million m³/a.  
 
The second alternative user priority classification was based on Scenario 2 of the 
Orange Recon Study. It is referred to as user priority “option b” from here on. This 
scenario would increase the available yield at the 1 in 10 year assurance of supply by 
250 million m³/a. 
 
 
Figure 4-8: Scenario 1c Orange River System curtailment plot (SA DWA, 
2013c) 
 
Table 4-7 summarises the proportions at which the water requirement is supplied to 
the various user sectors at different assurance of supply levels for each of the user 
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priority classification options. The original assurance of supply criteria is indicated 
firstly, option a secondly and option b thirdly. 
 
Table 4-7: Orange River System user priority classification options 
 
User Sector  
% of water demand to be supplied at given assurance 
High 
(99,5%) 
1 in 200 years 
Medium High 
(99%) 
1 in 100 years 
Medium Low 
(95%) 
1 in 20 years 
Low 
(90%) 
1 in 10 years 
Option ori1 a2 b3 ori1 a2 b3 ori1 a2 b3 ori1 a2 b3 
Irrigation 10 0 0 40 30 0 50 0 0 0 70 100 
Urban 50 unchanged 30 unchanged 20 0 0 0 20 20 
Loss 100 unchanged 0 unchanged 0 unchanged 0 unchanged 
Environment 68 unchanged 0 unchanged 32 32 0 0 0 32 
1: Original user priority classification 2: Option a  3: Option b 
 
Table 4-8 to Table 4-10 present the volumetric distribution of the water requirements 
of the different user sectors at the different level of assurance of supply in million m³/a. 
The total requirement is used at the 2016 development level which was updated for 
the Orange River AOA 2016/2017. The demands on the Orange River system for the 
different assurance of supply criteria were each plotted on the long-term stochastic 
curve generated for the Orange River. The demands were also plotted on the short-
term yield reliability curves at different starting storages, as illustrated in Figures B-2 
to B-6 in Annexure B. These short-term firm yield reliability curves have been 
generated stochastically for a five-year period based on the operating rule of the 
Orange River system with and without Polihali Dam completed.  
 
The two alternative assurance of supply criteria options were applied with the three 
scenarios respectively, resulting in nine scenarios analysed in total. Table 4-11 shows 
the final references selected for the developed scenarios used for the analyses in the 
Orange River System. The scenarios were processed by undertaking stochastic 




















Irrigation 217,29 869,17 1 086,46 0,00 2 172,92 
Urban/Mining 72,96 43,78 29,18 0,00 145,92 
Losses 819,15 0,00 0,00 0,00 819,15 
Environmental 195,50 0,00 92,00 0,00 287,50 
Total 1 304,90 912,94 1 207,64 0,00 3 425,49 
 















Irrigation 0,00 869,17 0,00 1 086,46 2 172,92 
Urban/Mining 72,96 43,78 0,00 29,18 145,92 
Losses 819,15 0,00 0,00 0,00 819,15 
Environmental 195,50 0,00 0,00 92,00 287,50 
Total 1 087,61 695,65 0,00 1 642,23 3 425,49 
 















Irrigation 0,00 0,00 0,00 2 172,92 2 172,92 
Urban/Mining 72,96 43,78 0,00 29,18 145,92 
Losses 819,15 0,00 0,00 0,00 819,15 
Environmental 195,50 0,00 0,00 92,00 287,50 





Table 4-11: Final reference adopted for scenarios to be analysed in the 








Constant Development Level – 2016 































Scenario 2 with additional demand 
volume for losses in Eastern Cape 
and 20% higher releases to 





4.2  Model input parameters 
For the irrigated agricultural sector, it is important to know what effect reduced water 
supply has on crop yield. This is because it is used to determine the direct and indirect 
economic implications due to the risk of non-supply. Therefore, the crop types in the 
selected economic region, as well as their varying water requirements throughout their 
growth cycle and production period, need to be verified. The crop water requirements, 
together with the extent of area irrigated need to be sourced from several existing 
irrigation schemes located within the study area. Water requirement data for the 
industrial sector and numerous towns also need to be sourced typically from Local 
Municipalities. It is important to also take into consideration the expected growth in 
terms of water use. Therefore, the future projected water requirement also needs to 
be verified by the users. This verification procedure normally takes place on an annual 
basis when the data as input to the Orange River AOA is requested from the users - 
either by consultants or the DWS. Users typically email data spreadsheets with actual 
measured water consumption or abstraction figures of the previous year’s water use 




The bulk of the information in terms of water requirements was sourced from the 
Orange Recon Irrigation Demands and Water Conservation and Demand 
Management (WCWDM) report (Task 8), (SA DWA, 2013b), as well as the most recent 
updates from the Orange AOA (2016/2017). For the previous studies pertaining to the 
Orange River System, an approach was followed whereby the Orange River and its 
major tributaries were divided into 22 river reaches. A detailed list of these reaches is 
given in Annexure B, Table B-1. The Study Area includes only the users requiring 
water from the Gariep and Vanderkloof Dams. Therefore, irrigation demands and 
areas only from reaches 6 to 9 and 14 to 22 were looked at in this study. Table 4-12 
lists the urban water requirements in the Orange River (ORP) System per river reach 
and economic region at the 2016 development level, as configured in the WRPM.  
 










Orange-Fish Urban 529 52,73 - ECa 
Gariep Urban 1883 3,50 6 UOWb 
Hopetown 1745 2,40 9 UOW 
Douglas 497 2,48 14 UOW 
Richie 1843 2,56 7 UOW 
Prieska 1842 1,78 15 LOEc 
Upington Urban 1893 16,8 16 LOWd 
Kakemas Urban 1884 6,10 17 LOW 
Namakwa Urban 1900 16,00 20 LOW 
Springbok 1818 11,5 20 LOW 
Alexander Bay Urban 1924 6,74 22 LOW 
Roshpina Urban 1865 8,40 22 LOW 
Roshpina Mine 1817 7,86 22 LOW 
Haib Urban 1906 6,00 21 LOW 
Venterstad 4324 0,44 6 UOW 
Ariamvlei  3129 0,23 20 LOW 
Aussenkehr 3130 0,40 21 LOW 
Total  145,92   




This data was sourced from the updated water requirements for the Orange AOA  
2016/2017. The Upper Orange West consists of the region between the Gariep Dam 
and the confluence of the Orange River and the Vaal River. The volume of 632 million 
m³/a from the Orange AOA 2016/2017 WRPM data and the irrigation area of 54 228 
hectares from the Orange Recon were accepted.  
 
The water transferred from the Gariep Dam to the Eastern Cape is also from the 
Orange River System. Therefore, the irrigation areas and volumes for the crops 
cultivated in the Great Fish WUA and Sundays River WUA, should also be included in 
the analyses. A total volume of 578 million m³/a is transferred for irrigation on a 
rateable area of 49 875 hectares. The Lower Orange Reaches (east and west) 
stretches from the confluence of the Orange River with the Vaal River to the river 
mouth. The most recent data available is that from the Orange AOA 2016/2017 with a 
total volume of 883 million m³/a, which excludes the future allocation of the Resource 
Poor Farmers (RPF). The irrigation area of 60 146 hectares sourced from the Orange 
Recon Study was used. Input data to the WRPM is more concerned with the volume 
irrigated, whereas input data to the WIM is more concerned with the irrigation area. 
Due to the availability of various sources of irrigation data, some comparisons had to 
be made to ensure similar data is used as input to both the WRPM and WIM.  
 
The different priority classifications that were compared for the irrigation sector per 
level of curtailment are listed in Table 4-13. In Table 4-14, the irrigation channels for 
each user as applied in the WRPM are categorised per river reach and economic 
region. The node numbers upstream and downstream of these channels are also 
shown, together with the irrigation block numbers representative of an irrigation area 
and volume. 
 
The combined storage of the Gariep and Vanderkloof Dams, as measured on the first 
of May 2016, were used for the three initial scenarios analysed. These volumes and 












1/10  1/20 1/100 1/200 Total 
Original 
Proportion - 0,5 0,4 0,1 1 
Volume (mil m³) - 1 046,5 837,2 209,3 2 093,0 
Option a 
Proportion 0,7 0,0 0,3 0,0 1 
Volume (mil m³) 1 465,1 0,0 627,9 0,0 2 093,0 
Option b 
Proportion 1,0 0,0 0,0 - 1 
Volume (mil m³) 2 093,0 0,0 0,0 - 2 093,0 
 
 
























































































30 1063 1998 n  578,5 EC - ECa 
1878 1770 1998 239 123,4 171,3 Orange Riet 7 UOWb 
484 707 1998 n 24,7 21,9 Gariep comp 6 UOW 
2171 1824 0 n  24,7 RPF 9 UOW 
1853 1795 1998 n 49,5 53,3 Ramah 7 UOW 
543 146 1998 n 42,9 46,2 Torquy to Vaal 9 UOW 
525 187 99 5 73,9 94,2 douglas weir 14 UOW 
1846 1801 99 1803 172,4 173,6 Diffuse mid orange 15 LOEc 
1854 1805 99 1807 76,8 131,0 Boegoe 16 LOW 
1855 1817 99 700 60,1 90,0 UPN 16 LOW 
1866 1817 99 1811 79,0 134,5 UPN 17 LOW 
1897 1818 99 1815 40,1 68,0 Keimoes 17 LOW 
1927 1819 99 1821 87,4 138,2 Neusberg 18 LOW 
1857 1819 99 701 24,3 36,9 Neusberg 18 LOW 
1894 1823 99 708 26,9 14,7 Namibia 19 LOW 
1898 1825 99 709 29,9 68,0 Namakwa 20 LOW 
1859 1825 99 710 15,2 9,9 Namibia 20 LOW 
2147 1827 99 691 6,0 9,8 Viool 21 LOW 
2146 1827 99 692 20,2 37,1 LO 21 LOW 

























































































1918 1831 99 711 5,5 8,3 Alex Bay 22 LOW 
490 481 99 482 38,5 65,5 Orange-Riet 8 UOW 
483 477 99 479 3,0 2,7 Scholtz 8 UOW 
1973 593 99 594 7,0 9,0 Orange Riet 8 UOW 
1743 1746 1998 n 130,9 141,1 Vdk to Torq 9 UOW 
450 169 1999 n 20,7 26,3 Douglas 14 UOW 
    1 158 2 172,9d    
Total     2 093,1    
a Eastern Cape, b Upper Orange West, c Lower Orange East, d Includes RPF 
 
Table 4-15: Orange River System storage 
 
Dam 
Water in dam 
(million m³) 
% of Gross FSC1 % of Net FSC 
Gariep 2798,9 53,8% 47,6% 
Vanderkloof 1950,2 61,2% 43,0% 
Orange River System 4749,1 56,6% 46,1% 






RESULTS AND DISCUSSION 
5.0 General Introduction 
In this chapter, the results for the probable water supply curtailments, storage 
projection and socio-economic indicators for all nine scenarios analysed, are 
discussed. These results are presented in the form of box and whisker plots. The 
system demands for the various assurance of supply criteria options are plotted on the 
stochastic yield reliability curves of the Orange River system. Relationship curves are 
derived to show the correlation between the individual economic indicators and the 
system supply curtailments. Lastly, the farm producer viability is presented based on 
the farm size, crop mix and extent of reduction in water supply.  
 
5.1 Model Simulation Results 
Figure 5-1 shows the projected storage trajectory plot (Scenario 2) for the combined 
Gariep and Vanderkloof Dams with actual observed data as recorded for the 
2016/2017 planning year. When the observed storage is in line with the 50% 
exceedance probability of the projected storage, it can be said that the measured 
values compare well with the simulated values. Initially the observed storage followed 
the projected storage trajectory relatively well. The rainfall season in the Orange River 
System is from October until April. In September 2016, unexpected good rainfall in the 
upstream catchments of the Orange River was observed. This resulted in an early 
increase in the storage of the system. Thereafter, due to unexpected low rainfall in 
November, the system storage dropped again to below 50% (at a 75% exceedance 
probability). Fortunately, late seasonal rains rectified the situation and in February 
2017 the observed system storage was at the 50% exceedance probability trajectory 






















































Boxes 100% 99.5% 99% Observed
Boxplots derived from 1000 sequences (Planning Year: May to April)
& 0% & 0.5% & 1%
Full Sorage Capacity (FSC)
Dead Sorage Capacity (DSC)
System storage 








In Figure 5-2, the 10-year storage projection plot for the combined Gariep and 
Vanderkloof Dams with a starting storage of 56.6% in May 2016 is illustrated. This 
projection is for Scenario 1 at a constant development level. The box and whisker plots 
indicate the probability distribution of the system storage for each month over the 10-
year analysis period. The system has a dead storage capacity of 1 638 million m³, and 
there is a probability for the system storage to be reduced to this capacity between 
2017 and 2019. These are also the years with the probabilities for the most severe 
curtailment levels, however unlikely. 
 
The Model simulation entails an interpolation process where the restriction level 
factors in the sys.out file (output from the WRPM) are multiplied with the user 
curtailment proportions (as defined in the user priority classification for the given 
scenario). It is then expressed as a percentage input of water supply in the WIM. The 
WRPM analysis involves the simulation of a 1 000 probable levels of curtailment for 
each year of the analysis period. It can be summarised per percentile probability and 
illustrated in a box and whisker plot.  
 
In Table 5-1, an example is shown where the annual system curtailments, at various 
exceedance probabilities, are listed as a result from the analyses undertaken for 
Scenario 1 for the Orange River System at the 2016 development level. The results 
indicated that no system curtailments were required in the year 2016. For the 
remainder of the analysis period however, system curtailments were required in each 
year. For the year 2017, out of 1 000 sequences, there was a 5% probability that the 
level of curtailment would be at 1,239 or more. The probability distribution of the 
various curtailment levels for all 1 000 simulated sequences are summarised per 
selected list of percentiles. These probabilities are illustrated graphically in Figure 5-3 
and the levels of curtailment for the 5% probability distribution are indicated on the 
graph. This level of curtailment is applicable to the system as a whole and based on 







































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)









Figure 5-3: Curtailment plot for Orange River System Sc1 
 
Table 5-1: Annual curtailment levels for Orange River System Sc1 
 
Percentile Level of curtailment 
 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 
  0,000 2,339 2,908 2,908 2,561 2,049 2,225 2,347 2,243 2,073 
  0,000 2,068 2,099 2,038 1,567 1,648 2,004 1,601 1,599 1,632 
  0,000 2,016 1,813 1,771 1,196 1,240 1,621 1,388 1,379 1,508 
  0,000 1,239 1,091 0,736 0,107 0,174 0,912 0,699 0,735 0,899 
  0,000 0,086 0,000 0,000 0,000 0,000 0,017 0,000 0,075 0,080 
  0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
  0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
  0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
  0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 
  0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 




















Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)












High possibility of 
restrictions in 2017 
No restrictions 
in 2016 
1 in 20 year 95% 
assurance level 1 
1 in 100 year 99% 
assurance level 2 
1 in 200 year 99,5% 











Table 5-2 shows that the proportion of curtailment of 1,239 on the system would entail 
a complete curtailment of level 1 and subsequently 50% of the supply to the irrigation 
sector. In addition to this, a proportion of 0,239 of level 2, where water is supplied at 
an assurance of 99%), is curtailed. This means an additional 0,239 x 40% = 9,56% of 
supply to the irrigation sector will be curtailed in level 2.  
 











Level of curtailment 1 2 3 1 
Proportion of demand 0,5 0,4 0,1 1 
Volume m³ 1046,5 837,2 209,3 2093 
Proportion of level curtailed 1 0,239 0 1 
 
Table 5-3 indicates the corresponding curtailments for the irrigation sector at the 
various exceedance probabilities for Scenario 1 based on the allocation in Table 5-2.  
 
Table 5-3: Orange River System Irrigation curtailment Sc1 
 
Percentile Level of curtailment Irrigation Sector 
  Avg. 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 
                      
0% 0,92 0,00 0,93 0,99 0,99 0,96 0,91 0,92 0,94 0,92 0,91 
0,5% 0,75 0,00 0,91 0,91 0,90 0,73 0,76 0,90 0,74 0,74 0,75 
1% 0,66 0,00 0,90 0,83 0,81 0,58 0,60 0,75 0,66 0,65 0,70 
5% 0,33 0,00 0,60 0,54 0,37 0,05 0,09 0,46 0,35 0,37 0,45 
25% 0,01 0,00 0,04 0,00 0,00 0,00 0,00 0,01 0,00 0,04 0,04 
50% 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
75% 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
95% 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
99% 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
99,5% 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 




Table 5-4 lists the volume of water supply to the irrigation sector that needs to be 
curtailed so that a system failure does not occur. This curtailed volume is then 
incorporated into the WIM to establish the economic impact of these curtailments on 
the irrigation sector. 
 




Volume water supply curtailed million m³ 
 Avg. 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 
                      
0% 1 918 0 1 955 2 074 2 074 2 001 1 894 1 931 1 956 1 935 1 899 
0,5% 1 570 0 1 898 1 904 1 892 1 521 1 589 1 885 1 550 1 548 1 576 
1% 1 376 0 1 887 1 727 1 692 1 211 1 247 1 566 1 371 1 364 1 472 
5% 690 0 1 247 1 123 770 112 182 954 732 769 941 
25% 27 0 90 0 0 0 0 18 0 78 84 
50% 0 0 0 0 0 0 0 0 0 0 0 
75% 0 0 0 0 0 0 0 0 0 0 0 
95% 0 0 0 0 0 0 0 0 0 0 0 
99% 0 0 0 0 0 0 0 0 0 0 0 
99,5% 0 0 0 0 0 0 0 0 0 0 0 
100% 0 0 0 0 0 0 0 0 0 0 0 
 
At various percentages of water supply as input to the WIM, differences in economic 
indicator values are obtained. This process is automated per scenario for the number 
of planning years and sequences specified for the analysis. The value of the loss in 
an economic indicator due to a reduction in volume of water supply, is created in the 
WIM. It is repeated a 1 000 times by means of a loop in Excel Visual Basic Script. The 
sheets created for loss in GDP, loss in employment and loss in household income are 
WIM_Result_A, WIM_Result_B and WIM_Result_C respectively and created in the 
ASM shown in Figure 4-6. These results are then written to a sheet “PV-
Calculations_WIM” to which the various discount rates (specified in Figure 4-6) are 




Alternatively, if the water resource analysis is undertaken in the WRYM, the option 
“Input_WRYM” should be selected from the dropdown list on the input sheet 
“PVCalculations_WIM” (see Figure 4-6). In the “Input_WRYM” sheet, the location of 
the plt.out and dem.out files must be indicated as well as the various channel numbers 
and irrigation blocks. Once all the required information has been entered in the 
“Input_WRYM” sheet, the execution button on sheet PVCalculations_WIM can be 
clicked. The user curtailment proportions are 1.0 for all levels since this calculation is 
based on the difference between demand and supply and not the allocation procedure. 
Demand and supply results for each of the channels listed for 1 000 sequences for the 
selected analysis period, are written to individual channel sheets. Additionally, an 
Annual Total Supply, Annual Total Demand and Annual Proportion sheet is created. 
The annual proportion is the difference in proportion between the total supply and 
demand of the system (inclusive of all channels and irrigation blocks). Values from the 
Annual Proportion sheet are then incorporated to the WIM_Socio Economics 
Spreadsheet from where the same procedure is followed in creating the 
WIM_Result_A, WIM_Result_B and WIM_Result_C sheets in the ASM. 
 
To ease the interpretation of the results, the PVs of the loss for each specific economic 
indicator at the different discount rates are ranked and sorted against the percentiles 
in Table 5-5. This expresses the probability of the PV over the given period to be at a 
specific value and can also be plotted on box and whiskers plots. The results shown 
in Table 5-5 can also be illustrated graphically on box and whisker plots. These graphs 
can be selected on the main input sheet. The graphs can be used to illustrate one of 
the following: 
• Values according to the selected probability distribution for the PV at specific 
discount rate (as shown in Figure 5-4). 
• Annual values according to the selected probability distribution over the period 
of the analysis (As shown in Figure 5-5). 
Additionally, graphs for various user priority scenarios can be compared as shown in 




Table 5-5: Probability distribution of present values of economic indicators 
 
Discount rate 0% 6% 8% 0% 6% 8% 0% 6% 8% 
Percentiles (%): GDP loss Employment loss Household Income loss 
0,1 55 981 43 457 40 387 545 230 397 221 367 656 23 655 18 366 17 071 
1 44 209 34 189 31 432 433 368 320 564 297 736 19 092 14 372 13 296 
5 28 519 20 970 19 334 294 413 211 992 192 175 12 058 8 814 8 094 
10 20 647 14 529 13 055 221 485 154 696 140 779 8 689 6 077 5 475 
15 16 049 11 749 10 655 176 069 125 179 112 765 6 678 4 924 4 461 
20 12 602 9 233 8 502 143 535 103 564 94 465 5 240 3 860 3 555 
30 9 097 6 398 5 579 107 364 74 724 67 508 3 778 2 658 2 315 
40 5 982 4 094 3 775 81 355 56 994 50 891 2 471 1 696 1 560 
50 3 652 2 389 2 114 60 052 42 232 37 357 1 507 984 872 
60 1 615 1 079 943 34 101 24 249 21 842 664 444 388 
70 399 261 231 22 909 14 903 12 763 163 107 95 
80 - - - - - - - - - 
85 - - - - - - - - - 
90 - - - - - - - - - 
95 - - - - - - - - - 
99 - - - - - - - - - 
99,9 - - - - - - - - - 
























































Present Values of Employment Loss B
[ 1] Series:  1 - Y Sheet: WIM_Result_B
FFF
[ 1] Series:  1 - X Sheet: PVCalcuations_WIM
FFF







































Annual Employment loss B
[ 1] Series:  1 - Y Sheet: WIM_Result_B
FFF
[ 1] Series:  1 - X Sheet: PVCalcuations_WIM
FFF









5.2 Optimum Water Allocation 
5.2.1 Stochastic Yield Reliability Curve 
The cumulative volumes for each of the three options of assurance of supply criteria 
in the Orange River System are plotted (Figures 5-7 to 5-8) on the short-term yield 
curve of the Orange River System when Polihali Dam is in place. Although 
impoundment of Polihali Dam is expected to only commence in 2022, if the user priority 
classification is to be amended, the worst-case scenario and planned intervention 
need to be made provision for. This is important for testing the viability of alternative 
user priority criteria options. Considering that for all the options plotted on Figure 5-7, 
restrictions are only required when the system storage is at 40% or less, the short-
term yield reliability curves for the 40% starting storage were looked at in more detail 
as indicated in Figure 5-8. From these figures the risk criteria for the original user 
priority criteria is violated.  
 
It is important to bear in mind that the required curtailment that is calculated by the 
model, is a curtailment on the net requirement of the system. This is to account for the 
return flows in the system. In the case of the Orange River, the return flows included 
in the allocation procedure or curtailment calculation, was only that of the irrigation 
sector. Therefore, although the total annual requirement imposed on the system is 
3 426 million m³ as indicated in the user priority tables, the total net requirement on 
the system is in the order of 3 256 million m³.  
 
During the 2016/2017 operating year, analysis results for Scenario 3 indicated that a 
10% curtailment was required for the Orange River System. Consequently, urban and 
industrial use would be restricted with 10% and the irrigation sector with 15%. This 
system curtailment was on Level 1 according to the original user priority criteria where 
water is supplied at an assurance of 95% (risk of failure to supply of 1 in 20 years). 
Had one of the alternative user priority criteria in terms of assurance of supply been 
considered, the system might not have needed to be curtailed, based on the given 
starting storage in May 2016. This means that if a larger volume of water was allocated 
to the level with an assurance of supply of 90% (risk of failure of 1 in 10 years), a 
smaller volume of the system would have needed to be curtailed than at an assurance 
of supply of 95% (risk of failure of 1 in 20 years). However, there would be a higher 
79 
 
probability of water restrictions required sooner. Essentially, a larger volume of water 
will be available for supply, but at a higher risk of being curtailed.  
 
It is therefore advisable to establish at what risk criteria water should be supplied to 
the irrigation sector, or a certain part thereof, for it to remain viable during periods of 
drought. One of the factors that can assist with such a decision is the percentage split 
between permanent and cash or annual crops cultivated within the specific water 
supply system. In terms of the crop mix cultivated in the Orange River System, 25% 
is permanent type crops (e.g. citrus) and 75% is cash crops (vegetables, maize etc.). 
Ideally water needs to be supplied to permanent crops at a higher assurance of supply. 
This is because these crops produce over the long term, whereas cash crops, such as 
vegetables, are seasonal and have a life cycle as short as three months. 
 
For the original user priority classification, the average system curtailment required for 
an exceedance probability of 5% over 10 years, is 0,659 (section 5.1). This equates 
to 740 million m³ (22,7%) of the system yield, which is still a level 1 curtailment. The 
average projected storage trajectory corresponding to this curtailment probability was 
about 33% net storage of the combined Gariep and Vanderkloof Dams at a 95% 
exceedance probability. In Figure 5-8 the 2 600 million m³/a base yield line of the 40% 
short-term curve is in line with the storage of 33% projected at the 95% exceedance 
probability. An assurance of supply of 99% for the original user priority criteria is 
violated at this specific requirement. If the requirement from the system is 2 950 million 
m³/a at a system storage of 40%, then all allocations of requirements need to remain 
below the base yield line. This means that for the original user priority allocation 
criteria, the base yield has been violated at the 99% (1 in 100 years risk) and 99,5% 






Figure 5-7: Orange River System short-term yield reliability curve with Polihali Dam  
 Original  When the system storage is below 60%, it will fail to supply the full requirement and use prioritised at a 1 in 20 years risk 
of failure will have to be restricted. 
 Option a When the system storage is below 40%, it will fail to supply the full requirement and use prioritised at a 1 in 10 years risk 
of failure will have to be restricted. The use at a risk of failure of 1 in 100 years will need to be restricted before the dam 
reaches 20% storage. The remaining use at a risk of failure of 1 in 200 years will only need to be restricted once the 
system storage is 10% at which a system yield of 1 000 million m³ is available at a 98% reliability of supply. 
 Option b When the system storage is below 40%, it will fail to supply the full requirement and use prioritised at a 1 in 10 years risk 
of failure will have to be restricted. Use prioritised at a 1 in 100 years risk of failure will have to be restricted prior to the 


















Figure 5-8: Orange River System 40% short term yield reliability curve with Polihali Dam 
Firm yield derived from (SMDASUM.OUT)
501 Stochastic Sequences - Plotting Base = 5 years - Period Length = 3 years
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5.2.2 Water supply curtailment 
Nine different scenarios were analysed for the Orange River System. The alternative 
assurance of supply requirements indicated an improvement in terms of the timing of 
curtailments as well as the violation of the curtailment criteria. The system curtailment 
as well as the storage projection plots for all the scenarios analysed in the Orange 
River System are presented in Table 5-6 and Table 5-7 respectively. Among the nine 
scenarios analysed, Scenario 3 was the only scenario indicating curtailments required 
in the first year (2016) already. Ideally, the various assurance of supply criteria options 
have to be compared for the same scenario i.e. Scenario 1, 2 or 3. For the assurance 
of supply criteria option a for Scenario 3, the need for curtailments was only required 
in 2017. The storage projection though, indicated a more frequent drop to the dead 
storage level than for the original assurance of supply criteria. For the assurance of 
supply criteria option b, the curtailment requirement at for example a 5% probability, 
was less than for the other assurance of supply options. The storage projection did 
however also indicate a more frequent drop to dead storage level. It can be seen from 
the socio-economic results in Section 5.3 that the assurance of supply option b (Sc3b) 
has the smallest impact on the economic indicators. It is important however that the 
behaviour of the water resource in terms of its storage also be taken into consideration 
before a final decision pertaining to the assurance of supply requirements for the 




Table 5-6 Curtailment of water supply over a 10-year period:  
User Priority Scenario 1  Scenario 2  Scenario 3  
Original  

























Boxes 100% 99.5% 99% 90%
Boxplots derived from 1000 sequences (Planning Year: May to April)


















Boxes 100% 99.5% 99% 90%
Boxplots derived from 1000 sequences (Planning Year: May to April)


















Boxes 100% 99.5% 99% 90%
Boxplots derived from 1000 sequences (Planning Year: May to April)

















Boxes 100% 99.5% 99% 90%
Boxplots derived from 1000 sequences (Planning Year: May to April)

















Boxes 100% 99.5% 99% 90%
Boxplots derived from 1000 sequences (Planning Year: May to April)

















Boxes 100% 99.5% 99% 90%
Boxplots derived from 1000 sequences (Planning Year: May to April)
& 0% & 0.5% & 1% & 10%
High possibility of 
restrictions in 2017 
No restrictions in 
2016 
1 in 20 year 95% 
assurance level 2 
1 in 100 year 99% 
assurance level 3 
1 in 200 year 99.5% 
assurance level 4 
1 in 10 year 90% 
assurance level 1 
Possibility of 
restrictions in 2017 
No restrictions in 
2016 
1 in 100 year 99% 
assurance level 2 
1 in 200 year 99.5% 
assurance level 3 
1 in 10 year 90% 
assurance level 1 
High possibility of 
restrictions in 2017 
No restrictions in 
2016 
1 in 20 year 95% 
assurance level 2 
1 in 100 year 99% 
assurance level 3 
1 in 200 year 99.5% 
assurance level 4 
1 in 10 year 90% 
assurance level 1 
Possibility of 
restrictions in 2017 
No restrictions in 
2016 
1 in 100 year 99% 
assurance level 2 
1 in 200 year 99.5% 
assurance level 3 
1 in 10 year 90% 
assurance level 1 
High possibility of 
restrictions in 2017 
No restrictions in 
2016 
1 in 20 year 95% 
assurance level 2 
1 in 100 year 99% 
assurance level 3 
1 in 200 year 99.5% 
assurance level 4 
1 in 10 year 90% 
assurance level 1 
Possibility of 
restrictions in 2017 
No restrictions in 
2016 
1 in 100 year 99% 
assurance level 2 
1 in 200 year 99.5% 
assurance level 3 
1 in 10 year 90% 
assurance level 1 
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Table 5-7: Storage plots of the Orange River over a 10-year period 
User Priority Scenario 1  Scenario 2  Scenario 3  
Original  
   
Option a 
   
Option b 

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)

































Boxes 100% 99.5% 99%
Boxplots derived from 1000 sequences (Planning Year: May to April)








































For the economic analyses executed in the WIM, the areas of land with various crop 
types under irrigation were identified and compiled for the water supply system. This 
corresponds with the irrigation areas and volumes defined in the water resource 
models. Crop prices for 2016 were applied in the WIM and it was possible to generate 
economic outputs in terms of the loss in GDP, employment and household income per 
economic region according to the water supply curtailment from the resource. In 
addition to this analysis process, crop production budgets were developed for the 
short-term, medium-term and long-term crop life cycles and expressed as weighted 
averages. For modelling purposes, inputs entailed the crop production budget, the 
economic farm unit size (large-scale, medium-scale and small-scale), the level of 
water supply curtailment and the water use (m3/ha). The per hectare ratios were 
converted to farm unit sizes. This results in a change in NFI, Farm Size Unit (number 
of hectares) and Net Income to determine on-farm viability. The farm production model 
is designed to determine if the farmer will be able to continue farming on a sustainable 
level despite the curtailment in the water supply for irrigation of crops. 
 
All the hectares under irrigation are linear to the percentage water curtailment. The 
Great Fish River catchment in the Orange River System was used to be part of the 
mixed-farm analysis due to its logistics and importance. In the Great Fish River 
catchment, the crop mix consists of various low-income crops. This catchment also 
acts as a water transfer area and, with more than one water resource, can provide 
water security for the downstream users, especially for the urban areas if water 
restrictions are implemented. 
 
5.3.1 Crop yield response to water shortage 
The following set of graphs provide an indication of the impact of different volumes of 
water supplied, on the crop yield. It was applied in the WIM model to estimate the 
change in crop production. Figure 5-9 shows the resulting yield that each crop has 
with a variation in water supply when applied in the WIM. There is a variation among 






Figure 5-9: Crop Yield responses with different Water Supplied 
(Conningarth, 2016) 
 
This approach, however, also poses problems. If you plan on planting an annual crop 
over the total area knowing you will only receive 20% of your water, your expenditure 
on inputs will generate indirect and direct GDP. The inputs will however generate a 
much lower direct GDP due to a lower income. The profitability of the producer is then 
even more under pressure. A more realistic approach is to reduce the area in line with 
the forecasted water availability and to attain a full crop on the reduced hectares.  
 
5.3.2 Probability analysis 
In the following section, the PV for each of the socio-economic indicators per scenario 
analysed are summarised and illustrated graphically as result of the execution of the 
ASM. A 1 000 simulated values were generated for each economic indicator over a 
period of 10 years and discounted at 0%, 6% and 8% respectively. A probability 
distribution table was used to summarise the 1 000 simulated values for ease of 
interpretation. A risk weighted result (average) was obtained for each economic 
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indicator at each of the discount rates. The mean PV per economic indicator for each 
of the scenarios at the various discount rates, is listed in Table 5-8. The probability 
distribution tables for each of the scenarios analysed are presented Table C-1 to Table 
C-9 in Annexure C. These show the results of the PV per economic indicator at the 
various discount rates. The corresponding box and whisker plots for all the scenarios 
analysed are presented at different discount rates. The results are shown in Table 5-
10, Table 5-11 and Table 5-12 for the loss in GDP, Employment and household income 
respectively.  
 
















Loss (R million) 
0% 6% 8% 0% 6% 8% 0% 6% 8% 
Sc1 7 430 5 326 4 816 86 843 61 540 55 444 3 109 2230 2017 
Sc2 8 939 6309 5677 105 833 73 810 66 155 3 738 2 640 2 375 
Sc3 10 645 7 940 7 283 137 211 103 603 95 448 4 438 3 309 3 035 
Sc1a 5 185 3 705 3 347 57 965 41 101 36 926 2 171 1 552 1 402 
Sc2a 6 318 4 436 3 985 72 010 49 994 44 739 2 643 1 857 1 668 
Sc3a 6 674 4 748 4 283 75 244 52 846 47 476 2 793 1 988 1 794 
Sc1b 3 586 2 519 2 262 40 065 27 995 25 096 1 535 1 081 971 
Sc2b 4 383 3 031 2 708 49 988 34 364 30 643 1 872 1 297 1 159 
Sc3b 4 656 3 268 2 934 52 697 36 709 32 882 1 993 1 403 1 260 
 
In Table 5-9 the results of the scenario analyses undertaken for the Orange River 
System are listed for each of the scenarios analysed. The average PV and annual 
average of the three economic indicators at a 0% discount rate are shown. From Table 
5-9 for the scenarios where the user priority classification option b was applied, the 
economic impact in terms of loss in GDP, loss in household income and a reduction 





Table 5-9: Orange River System scenario-economic results 
 




loss R million m³ 
 PV Annual PV Annual PV Annual 
Sc1 7 430 743 66 843 8 684 3 109 311 
Sc2 8 939 894 105 833 10 583 3 738 374 
Sc3 10 645 1 065 137 211 13 721 4 438 444 
Sc1a 5 185 519 57 965 5 797 2 171 217 
Sc2a 6 318 632 72 010 7 201 2 643 264 
Sc3a 6 674 667 75 244 7 524 2 793 279 
Sc1b 3 586 359 40 065 4 006 1 535 154 
Sc2b 4 383 438 49 988 4 999 1 872 187 
Sc3b 4 656 466 52 697 5 270 1 993 199 
 
Annual results according to the selected probability distribution over the period of the 
analyses are also presented as box and whisker plots in Table C-10 to Table C-12 in 
Annexure C. Water Resource Managers and System Analysists have been 
contemplating that the irrigation sector in the Orange River System is prioritised at a 
too high assurance of water supply. In the original priority classification criteria, 50% 
of the water supply to the irrigation sector is at an assurance of 99,5% (risk of failure 
1 in 200 years). For user priority classification option a, it was decided to distinguish 
between the permanent and temporary crops in the irrigation sector. This split can be 
interpreted as 30% and 70% of the demand at an assurance of water supply of 99% 
and 90% respectively.  
 
Reasonable results were produced for the option a scenario analyses (Sc1a, Sc2a 
and Sc3a). These were in terms of the system storage as well as the system 
curtailments and subsequently economic impact. The user priority classification option 
B entailed prioritising 100% of the irrigation sector at a low assurance of water supply 
of 90% (risk of failure 1 in 10 years). Even though the economic results seem more 
favourable compared to the other user priority classification options, the probability of 
the storage in combined Gariep and Vanderkloof Dams failing to supply the demand, 
is too high.  
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5.3.3 Relationship Curve 
To establish the relationship between the water supply curtailment and the 
corresponding economic impact thereof, the comparison among Scenarios 1, 1a and 
1b were studied in more detail. These scenarios are configured for a constant 
development level with no growth in demand on the system over time and with Polihali 
Dam impounding water from 2022. The reason for choosing Scenario 1 for comparison 
purposes is because it has zero growth in demand over time, hence eliminating too 
many variables. The total GDP contribution of irrigation agriculture in the Orange River 
System is R14 116 million, its total contribution to employment numbers 148 442 and 
its total contribution to household income is R11 004 million.  
 
In Table 5-13 a summary of the PV for each economic indicator and the corresponding 
PV of the curtailed water supply volume is given per scenario analysed at different 
exceedance probabilities. This is done for ease of interpretation, since it is difficult to 
tabulate the 1 000 simulated values for each economic indicator and curtailed water 
supply volume. From Table 5-13, Scenario 1b seems to have resulted in the lowest 
probability for economic loss in terms of GDP, household income and employment. 
 
The PV for each economic indicator was compared to the PV for the curtailed water 
supply volume. In Figure 5-10, the relationship between the PV GDP loss in R million 
and the PV volume of water curtailed in million m³, is plotted for the three scenarios. 
The discount rate applied for the PV over a 10-year period is 0%. The PV for GDP loss 
and the volume are the sum of the annual GDP loss and volume respectively for 10 
years. The relationships take on a second-order polynomial form, however the R-
squared value (fit of the regression line) is not one. If a volume of 2 000 million m³ is 
curtailed over 10 years, it would result in a GDP loss in the order of R15 billion for all 





Table 5-13: Orange River probability distribution (PV economic indicator vs curtailment volume) 
 
PV Sc1 Sc1a Sc1b 
Percentiles (%): GDP E HH Curt Vol GDP E HH Curt Vol GDP E HH Curt Vol 
0,0% 63 860 568 329 27 064 8 804 50 220 477 767 21 185 6 864 51 710 453 529 23 317 7 339 
0,5% 48 332 465 690 20 313 6 560 41 786 388 171 17 616 5 705 37 206 337 795 16 155 5 149 
1,0% 44 209 433 368 19 092 6 084 38 435 364 490 16 188 5 239 33 366 312 122 14 800 4 631 
5,0% 28 519 294 413 12 058 3 905 22 880 239 533 9 627 3 117 19 947 198 546 8 611 2 708 
25,0% 10 582 120 568 4 385 1 411 7 460 87 295 3 088 987 3 658 51 703 1 511 479 
50,0% 3 652 60 052 1 507 478 890 26 890 365 114 0 0 0 0 
75,0% 0 0 0 0 0 0 0 0 0 0 0 0 
95,0% 0 0 0 0 0 0 0 0 0 0 0 0 
99,0% 0 0 0 0 0 0 0 0 0 0 0 0 
99,5% 0 0 0 0 0 0 0 0 0 0 0 0 
100,0% 0 0 0 0 0 0 0 0 0 0 0 0 





Figure 5-10: Orange River PV GDP loss vs PV volume curtailed relationship 
 
The relationship between the PV Household income loss in R million and the loss in 
employment numbers with regards to the PV volume of water curtailed in million m³, 
is shown as Figures C-1 and C-2 in Annexure C. For the PV employment loss plotted 
against the PV volume curtailed in Figure C-1, the relationship for all three scenarios 
took on the form of third-order polynomial equations. However, the R-squared values 
indicated the fit of the regression lines were less than 0,972. For a PV volume curtailed 
of 2 000 million m³ over 10 years, there is an employment loss between 150 000 and 
200 000 for all three scenarios. In terms of the PV of household income loss related 
to the PV of the curtailed volume water supply over 10 years, the relationships take on 
a second-order polynomial form.  
 
Linear equations resulted in a similar fit, however the R-squared value (fit of the 
regression line) is not one for either the linear or polynomial equations for Scenarios 
1 and 1b. From Figure C-2, a curtailed volume of 2 000 million m³ over 10 years, 
results in a household income loss in the order of R6.5 billion for all three scenarios.  
 
y = -3E-05x2 + 7,4738x + 37,79
R² = 0,9998
y = -2E-05x2 + 7,4593x + 23,09
R² = 0,9999
























Volume curtailment million m³
PV GDP Loss vs Volume curtailed
Sc1 Sc1a Sc1b Poly. (Sc1) Poly. (Sc1a) Poly. (Sc1b)
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For Scenario 1, the best fitted relationship curves returned polynomial equations. A 
polynomial relationship is where the power of the independent variable is bigger than 
one. The best fit is not a straight line, but where the curve fits into the data points. The 
temptation often exists to fit a higher degree polynomial equation to get a lower error; 
this can however lead to over-fitting and peculiar results on extrapolation. 
 
Although the objective of the research is to get a single weighted average PV per 
economic indicator for each scenario over the analyses period, it is important to also 
consider the annual impact of the water supply curtailment on the economic indicators. 
Therefore, the 1 000 simulated values of each of the economic indicators and curtailed 
volume water supply to the irrigation sector can be plotted against each other for each 
of the ten years. This can be done for all the scenarios which are then plotted against 
one another for comparison. Figure 5-11 to Figure 5-13 indicate the relationships 
between the annual GDP loss and the volume of water supply curtailment for 
Scenarios 1, 1a and 1b respectively. It can be seen from the figures that the 
relationship for each of the ten years fitted on each other, follow a similar trend. The 
trendline with the best fit was a second order polynomial equation and an average 
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Figure 5-14: GDP Loss – Volume 
curtailed Average 
Table C- 13 in Annexure C summarises the parameters of these relationship equations 
for each year, as well as the average derived equation parameters for the equation 
type y = ax2+bx+c. 
 
The second order polynomial equations for the average derived GDP Loss – Volume 
curtailed relationship for the three scenarios, can be written as follow: 
 
Sc1: y=-0,0003x2+7,7572x+0,9183  (5-1) 
 
Sc1a: y=-0,0003x2+7,7558x+0,5456 (5-2) 
 
Sc1b: y=-0,0004x2+7,8277x+0,1331 (5-3) 
 
Figure 5-15 to Figure 5-17 indicate the relationships between the annual employment 
loss and the volume of water supply curtailment for Scenarios 1, 1a and 1b 
respectively. It can be seen from the figures that the relationship for each of the ten 
years fitted on each other, follow a similar trend. In this case the trendline with the best 
fit was a third order polynomial equation and an average relationship for this type of 
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R² = 1
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Figure 5-15: Employment Loss – 
Volume curtailed Sc1  
 
 




Figure 5-17: Employment Loss – 
Volume curtailed Sc1b 
 
 
Figure 5-18: Employment Loss – 
Volume curtailed Average
Table C- 14 in Annexure C summarises the parameters of these relationship equations 
for each year as well as the average derived equation parameters for the equation 
type y = ax3+bx2+cx+d. The third order polynomial equations for the average derived 
Employment Loss – Volume curtailed relationship for the three scenarios, can be 
written as follow: 
 
Sc1: y=0,000038x3-0,117x2+149,3x+840,6 (5-4) 
 
Sc1a: y=0,000040x3-0,126x2+151,2x+385,3 (5-5) 
 
Sc1b: y=0,000030x3-0,110x2+148,5x+324,5 (5-6) 
 
Figure 5-19 to Figure 5-21 indicate the relationships between the annual household 
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respectively. It can be seen from the figures that the relationship for each of the ten 
years fitted on each other, follow a similar trend. The trendline with the best fit was a 
second order polynomial equation and an average relationship for this type of equation 
was derived for each scenario (Figure 5-22). Table C- 15 in Annexure C summarises 
the parameters of these relationship equations for each year as well as the average 




Figure 5-19: Household Income 




Figure 5-20: Household Income 
Loss – Volume curtailed Sc1a
 
 
Figure 5-21: Household Income 
Loss – Volume curtailed Sc1b 
 
 
Figure 5-22: Household Income – 
Volume curtailed Average
 
The second order polynomial equations for the average derived Household Income 
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Sc1: y=-0,00006x2+3,1685x+0,4607 (5-7) 
 
Sc1a: y=-0,00006x2+3,1739x+0,2220 (5-8) 
 
Sc1b: y=-0,00005x2+3,0689x+0,6147 (5-9) 
 
The different priority classifications that were compared for the irrigation sector per 
level of curtailment for each of the different scenarios, are listed in Table 5-14.  
 




1/10 1/20 1/100 1/200 Total 
1 
Proportion - 0,5 0,4 0,1 1 
Volume (mil m³) - 1 046,5 837,2 209,3 2 093,0 
1a 
Proportion 0,7 0,0 0,3 0,0 1 
Volume (mil m³) 1 465,1 0,0 627,9 0,0 2 093,0 
1b 
Proportion 1,0 0,0 0,0 - 1 
Volume (mil m³) 2 093,0 0,0 0,0 - 2 093,0 
 
Since it is impractical to tabulate 1 000 values, the annual average at different 
exceedance probabilities for each economic indicator was listed against the annual 
average volume curtailed for the same set of exceedance probabilities, as shown in 
Table 5-15. The annual average loss in GDP per a variety of exceedance probabilities 
are listed for Scenario 1 in Table 5-16. For this scenario there was up to a 25% 
probability of an average GDP loss of R213 million. This corresponds to the probability 
of water supply to be curtailed with 27 million m³ on average.  
For water supply curtailments below 500 million m³, there aren’t significant differences 
in the economic impact among the scenarios. However, for Scenario 1b all the 
irrigation water is supplied at a higher risk of being curtailed than with Scenario 1 and 
Scenario 1a. More significant differences are evident the larger the volumes of water 
supply that is curtailed. In Table 5-17, the loss for each economic indicator is 
summarised per scenario at curtailment volume intervals of 500 million m³. Both loss 
in GDP and employment numbers are always less for scenario 1b. However, there is 
a bigger loss in household income for Scenario 1b than for the other scenarios for a 
water supply curtailment of 1 000 million m³ and more. 
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Table 5-15: Orange River probability distribution (annual average economic indicator vs curtailment volume)  
 
Annual AVG Sc1 Sc1a Sc1b 
Percentiles (%): GDP E HH Curt Vol GDP E HH Curt Vol GDP E HH Curt Vol 
0,0% 12 602  102 628  5 473  1 772  11 741  96 474  5 008  1 638  13 147  108 034  6 006  1884 
0,5% 11 062  92 025  4 706  1 536  9 787  83 647  4 141  1 345  11 022  93 026  4 902  1553 
1,0%  9 829  83 911  4 163  1 354  9 295  80 401  3 926  1 274  8 646  76 575  3 736  1193 
5,0%  5 089  52 403  2 126   683  3 998  41 055  1 665   533  2 323  29 818   961  306 
25,0% 213  9 525  87  27  -    -    -    -    -    -    -    0 
50,0% -  -    -    -    -    -    -    -    -    -    -    0 
75,0% -  -    -    -    -    -    -    -    -    -    -    0 
95,0% -  -    -    -    -    -    -    -    -    -    -    0 
99,0% -  -    -    -    -    -    -    -    -    -    -    0 
99,5% -  -    -    -    -    -    -    -    -    -    -    0 
100,0% -  -    -    -    -    -    -    -    -    -    -    0 





Table 5-16: Orange River probability distribution for annual average loss in GDP Sc1 
 
Percentile Loss in GDP R million 
 Avg. 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 
                       
0% 12 602 0 13 927 14 610 14 610 14 235 13 546 13 782 13 944 13 799 13 563 
0,5% 11 062 0 13 564 13 601 13 526 11 060 11 509 13 473 11247 11 230 11 416 
1% 9 829 0 13 489 12 443 12 205 8 911 9 163 11 360 10 031 9 977 10 715 
5% 5 089 0 9 164 8 308 5 779 861 1 398 7 097 5 502 5 778 7 005 
25% 213 0 699 0 0 0 0 163 0 613 654 
50% 0 0 0 0 0 0 0 0 0 0 0 
75% 0 0 0 0 0 0 0 0 0 0 0 
95% 0 0 0 0 0 0 0 0 0 0 0 
99% 0 0 0 0 0 0 0 0 0 0 0 
99,5% 0 0 0 0 0 0 0 0 0 0 0 












Employment Loss  
numbers 
Household income  
loss R million 
 Sc1 Sc1a Sc1b Sc1 Sc1a Sc1b Sc1 Sc1a Sc1b 
500 3 804 3 803 3 814 51 005 49 944 51 057 1 570 1 572 1 548 
1 000 7 458 7 456 7 428 71 053 69 091 70 912 3 110 3 114 3 119 
1 500 10 962 10 959 10 842 89 317 90 327 84 056 4 621 4 626 4 716 
2 000 14 315 14 312 14 056 134 132 146 152 114 656 6 102 6 108 6 338 
2 500 17 519 17 515 17 069 233 830 269 066 186 877 7 554 7 560 7 985 
 
5.3.4 Farm Producer Viability 
In this section a summary is given for the viability results in the Farm Production Model. 
The prices applied are those for 2016/2017. For maize however, 2015/2016 prices 
were used. The crop mix distribution in Table 5-18 indicates the variety crops 
cultivated and whether it is short, medium or long-term crops. The feasibility analysis 
of water supply curtailments applied is indicated in Table 5-19. The results indicate 
that with the current crop mixes in the Great Fish River System, farming will be feasible 
in most cases until the restriction level of 80%. On a 90% restriction level, farming will 
be the least feasible, taking into consideration all the elements of a production budget.  
 
Table 5-18: Crop mix in the Great Fish River System 
 
Life Cycle Crops Orange River – Great Fish River System 
Short-Term 
Maize 9,0% 
Soya Beans 0,0% 
Dry Beans 0,0% 
Industrial Tomatoes 0,0% 
Fresh Tomatoes 0,0% 
Potatoes 2,0% 
Summer Vegetables 3,0% 




Life Cycle Crops Orange River – Great Fish River System 
Medium Term 
Lucerne 82,0% 
Sugar Cane 0,0% 
Bananas 0,0% 
Long-Term 
Grapes - Fresh 0,0% 
Grapes - Wine 0,0% 
Grapes - Dry 0,0% 
Macadamias 0,0% 
Citrus - Oranges 1,0% 
Citrus - Grape Fruit 0,0% 
Avocados 0,0% 
Litchis 0,0% 
Deciduous Fruit 0,0% 




Table 5-19: Viability Results in the Farm Production Model for a Standard 
Farm 
 
Curtailment  R million Hectare % 
10% 
Change of NFI - R0,99 n/a -11.8 
Change on hectares n/a -30 -10.0 
Net Income 
(Profit/Loss) 
R6,08 n/a -14.0 




Change of NFI -R2,97 n/a -35.5 
Change on hectares n/a -90 -30.0 
Net Income 
(Profit/Loss) 
R4,11 n/a -41.9 




Change of NFI -R5,93 n/a -70.9 
Change on hectares n/a -180 -60.0 
Net Income 
(Profit/Loss) 
R1,14 n/a -83.9 
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Curtailment  R million Hectare % 




Change of NFI -R8,90 n/a -106.4 
Change on hectares n/a -270 -90.0 
Net Income 
(Profit/Loss) 
-R1,82 n/a -125.8 




5.4 Final Remarks 
The aim with the ASM was to link the output from the water resources models with 
that of the WIM. This is done to derive a relationship in terms of the economic impact 
of water supply curtailments per user priority criteria in a specific region and water 
supply system. From the findings it is identified that with certain water supply 
curtailments as well as economic changes, farmers can continue farming. However, if 
the farmer has less land to maximise his/her production, the farming business will be 
easier exposed to the risk of not being viable, both in the short-term and long-term. 
The farming community provides numerous jobs for the skilled-, semi-skilled and the 
unskilled workers. Any extreme shock, especially an unforeseen condition, places 
immense pressure on the farmer not only to continue farming, but also prevents 
expansion of his/her production.  
 
In events of viability risks and a farmer taking a conservative approach by limiting 
expenses and expansion, not only is the farmer’s own living standards and those that 
are employed by him/her affected, but it also affects the local community. The reason 
for this is that as profit reduces, household income also reduces. This results in a 
contraction in the broader economy as well. That implies that GDP, consisting of 
salaries and wages, taxes and subsidies as well as gross operating surplus, also 
reduces.  
 
The findings from this research study, tie in with Armer’s statement that a resource 
should be utilised in such a way that water is supplied to various users according to 
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their individual requirements. Armer also applied stochastic modelling to determine the 
norms at which water shortages can be considered disaster droughts. According to 
the findings in this research study, by applying mixed crop farming, the risk for disaster 
droughts are reduced. The recommendation by Armer to do more research in agric-
economic modelling (Section 2.4), was well exercised in this research study. The 
approach of mixed crop farming as well as prioritising the crops by categorising it as 
either permanent or temporary, addresses Grové’s statement that non-optimal 
solutions result from trying to allocate water optimally between competing crops under 
deficit irrigation. Furthermore, Grové’s account that assessment of viability farming is 
largely dependent on the region (Section 2.4), can be agreed with.  
 
Although the results for this research study were determined based on the same 
approach as that applied in the Thukela-Vaal Transfer Scheme (Section 2.5.5), the 
relationships derived for the economic production loss per level of restriction showed 
more linearity. One of the reasons for this is that in the Thukela-Vaal Transfer Scheme 
study, the relationship was expressed for all user sectors while the irrigation sector 
makes up a smaller percentage of the total use. Whereas in this research study, the 
irrigation sector was analysed in more detail as it uses 64% of the water supplied from 
the resource. Nonetheless, as irrigation agriculture is in the primary sector, it affects 
the secondary and tertiary sectors as well. This ultimately affects sustainment of jobs 






CONCLUSION AND RECOMMENDATIONS 
6.0 Introduction 
 A hydro-economic model can be developed to advance integrated water resource 
management by means of the amalgamation of hydro science, engineering and 
economics (Harou et al., 2009). Such a hydro-economic model does not yet exist in 
South Africa. Up to now, water resource analysis and economic analyses of water 
supply systems have been executed separately. The aim of a new hydro-economic 
model is to serve as a decision support system for assessing the optimal assurance 
of supply requirements during the decision-process pertaining to risk-based drought 
restriction analyses. This research study is therefore considered as a pilot study in 
which a hydro-economic model was developed. The Water Resource Models and the 
economic WIM utilised in South Africa were combined as an effort to improve water 
resource management.  
 
6.1 Conclusions 
The baseline of this research study originated from the selected catchment i.e. the 
Orange River water supply system of which previous studies’ data and 
recommendations were incorporated. Three scenarios already applied in the 
2016/2017 annual operating analyses of the Orange River System were identified for 
testing the new hydro-economic model (the ASM). Alternative user priority 
classification options (option a and b) were also identified since the Orange River 
Recon study recommended it to be further investigated. User priority classification 
options a and b entail supplying water to the irrigation sector or a part thereof at a 
lower assurance of supply or higher risk of failure than the original user priority 
classification definition.  Consequently, proportions of the urban and environmental 
sectors’ water requirements were moved from a 95% to a 90% assurance of supply. 





The development of the new decision support system, by combining the Water 
Resource Models and the WIM, was successful. The combination of the WRPM and 
the WIM enables the stochastic concept of inflows to be taken into consideration by 
means of economic analyses. This contradicts Harou’s statement that hardly any 
hydro-economic models expressly consider the stochastic concept of inflows due to 
the unrealistic calculation load (Harou et al., 2009). Similar to the WRPM, annual time 
series of economic indicator(s) were produced with the WIM. The output of 1 000 
sequences was presented graphically as probability distribution plots (box plots) for 
inspection and comparison among the scenarios. To account for the time value of a 
time series of the economic indicators, the PV of each of the 1 000 sequences was 
calculated to provide a probability distribution of the PV for each scenario. The PV of 
the economic indicators, GDP, employment and household income, was used to have 
one single comparable value for the economic output of the WIM for all the simulated 
sequences.  
 
This indicator ensures if the hydro-economic model can be used to evaluate time 
dependant decisions. These include the immediate implementation of moderate 
drought restrictions or a delayed implementation of more severe restrictions at a 
certain risk. The weighted average PV per economic indicator needs to be interpreted. 
It was found that the application of the alternative user priority criteria rendered some 
positive results in terms of the economic impact water supply curtailments have on the 
irrigation sector. It was expected that the scenarios rendering the lowest PVs for the 
economic indicators would be the more favourable. However, the storage of the 
systems also needs to be monitored.  
 
The recommendation by Armer to do more research in agric-economic modelling was 
well exercised in this research study, adding to the existing knowledge. Armer stated 
that a resource should be utilised in such a way that water is supplied to various 
agricultural users according to their individual requirements in terms of the risk of 
failure to supply water. He also applied stochastic modelling to determine the norms 




The viability of cultivation of various crops, should there be a sudden reduction in water 
supply, was also investigated. This is important to establish the influence that the 
economic sustainability of the irrigation sector has on the prioritisation of assurance of 
water supply to different water use sectors in times of drought. The approach of mixed 
crop farming as well as prioritising the crops by categorising it as either permanent or 
temporary, addresses Grové’s statement that non-optimal solutions result from trying 
to allocate water optimally between competing crops under deficit irrigation. 
Furthermore, Grové’s account that assessment of viability farming is largely 
dependent on the region, can be agreed with. 
 
The WIM has solely been developed for the irrigation sector. It only takes into 
consideration backward linkages (direct, indirect and induced impacts) and not forward 
linkages. The carry-over effect in terms of the economic impact of consecutive years 
of drought on the system has not been catered for. Therefore, the crop production 
budget was set up and consulted outside the models used for analyses to determine 
the viability of farming subject to different water supply curtailments. Among other 
findings and with consideration of all the elements of a production budget, it was 
determined that farm production in the Great Fish River System will only be infeasible 
on a 90% restriction level. 
 
An additional method of interpreting the results is the relationship-curve. It indicates 
the relationship between the econometric losses and the volume of water curtailed. 
These curves generally had a linear form.  
By analysing the economic effects of the risk of non-supply to the different water use 
sectors, more informed decisions can be made in terms of the prioritisation of water 
allocation to these different sectors. This will also shed some light on how much each 
sector should be curtailed, if at all necessary. The process is considered as a 
quantitative approach opposed to the qualitative approach which is generally followed 
in practice. Conclusively, a contribution has been made to the current body of 





The methodology for deriving operating rules as an existing approach should continue 
to be applied. A scientific approach to determine the assurance of supply requirements 
during drought conditions can be added. Reports, guidelines and manuals that should 
be used in collaboration with the Guidelines of assurance of water supply levels for 
the irrigation sector, include but are not limited to the following: 
• Guidelines for Water Supply Systems Operation and Management Plans during 
normal and drought conditions (SA DWAF, 2006) 
• Maintenance and Updating of Hydrological and System Software –Phase 3 - 
Procedural Manual for the Water Resources Simulation Model (SA DWAF, 
2008) 
• Water Resources Yield Model (WRYM) User Guide – Release 7.5.6.2 (SA 
DWAF, 2008) 
• Water Resources Planning Model (WRPM) - Input Data and File Formats, 
version 4.4 (SA DWA, 2013) 
 
In terms of the irrigation sector and specifically the economic analysis thereof in the 
WIM, the crop water requirements during its life cycle need to be re-assessed. This is 
to better reflect the impact of water supply curtailments on the crop production. The 
linear model currently incorporated in the WIM is not sufficient for optimal economic 
analysis. Wichelns (2014) shows that several other authors have all incorporated a 
quadratic term in their empirical studies of production functions. A quadratic term 
needs to be incorporated into the WIM to have a more realistic economic parameter 
to improve estimates of the economic impact of changes in water supply. 
Detailed research regarding the economic forward linkages in the WIM, will also need 
to be undertaken in a following study. 
 
There is scope for improvement of the model to cater for the other user sectors that 
also contribute to the specific catchment’s economy. Such an improvement has 
commenced in other studies i.e. the Thukela-Vaal Transfer scenario analyses. This 
study was done as part of the development of operating rules for the Integrated Vaal 
River System as well as the development of operating rules for the LHWP Phase II. 
The economic effect of the changes in the user priority and risk criteria on the other 
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water use sectors need to be researched further in the context of the ASM. This is 
important to determine what the decision on the level of restriction for each water use 
sector should be to prevent a complete water resource system failure and to maintain 
economic viability within each user sector. 
During the actual drought in 2016, restrictions might not have been required had 
alternative assurance of supply criteria been applied. Therefore, it is recommended 
that further sensitivity analyses specifically for the user priority option b be undertaken 
in future studies and investigated for implementation in the Orange River System.  
Outcomes of such a study may confirm if an economically optimal water user priority 
classification can be derived from the hydro-economic model to improve equitable 
water resource allocation and drought management. 
 
Although the ASM can improve the process of determining assurance of supply 
requirements, final decisions pertaining to this matter still requires expert discretion. 
In addition, the output from the ASM cannot solely be used to advise the user 
prioritisation. It also needs to be interpreted in conjunction with the system yield-
reliability curves, storage projection plots and other users from the resource. It is 
always important that the Reserve requirements be met and that an optimum user 
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ANNEXURE A  
 
Table A- 1: Volume of water per product produced (Anderson, 2016) 
Product Water volume to produce (litres) 
Tomato 13 
Potato 25 
Cup of tea 35 
Apple 70 
Glass of beer 75 
Glass of wine 120 
Cup of coffee 140 
Glass of orange juice 170 
Bag of crisps 184 
Glass of milk 200 
Hamburger 2 400 
1kg Beef 16 000 
 
Table A- 2: Format of the multipliers synthesised from the SAM 
 
GDP Labour Capital Low income Total 
multiplier households 
Intermediate Inputs      
Agriculture      
Mining      
Electricity      
Water      
Construction      
Trade and Accommodation      
Transport and accommodation      
Financial and business services      
Community services      
Primary Inputs      
Salaries and wages: Skilled      
Salaries and wages: Semi-Skilled      
Salaries and wages: Unskilled      
GOS      
123 
 
Table A- 3: Crop yield response factors (Steduto et al., 2012) 
Crop 
Total Yield Response Factors 
(Ky) 
Maize 
Table Grapes (Vine) 
Dry Beans 
Pastures 
Summer Vegetables (Cucurbits - Butternut) 












Wine Grapes (White) 
































ANNEXURE B  
 
 



































Table B- 1: Irrigation along the Orange River reaches (SA DWA, 2013b) 







1 Caledon River: U/S Welbedacht Dam 40.3 9 930 
2 Caledon River: Welbedacht Dam to Gariep Dam 36.5 5 835 
3 U/S Aliwal North D/S Oranjedraai 6.6 877 
4 Aliwal N to Gariep Dam 52,5 8 229 
5 U/S Aliwal N 28,0 6 341 
6 Gariep dam to Vanderkloof dam 277 3 121 
7 Canals ex Vanderkloof dam 195,1 17 678 
8 Schotzburg and Lower Riet IBs 50,2 4 564 
9 Vanderkloof-Marks drift 187,4 17 455 
10 Krugerdrift dam to Tweerivier gauge – Modder River 52,5 7 004 
11 Tierpoort Dam to Kalkfontein Dam: Tierpoort IB 8,1 1 018 
12 Kalkfontein Dam to Riet River Settlement:  56,7 6 187 
14 Douglas weir to Orange-Vaal Conf. (Orange water) 104,3 11 410 
15 Orange – Vaal Confl. to Boegoeberg dam 174,0 17 236 
16 Boegoeberg dam to Gifkloof weir 161,2 10 744 
17 Gifkloof weir to Neusberg 222,8 14 855 
18 Neusberg to Namibian border 180,2 12 016 
19 Namibia border to Onseepkans weir 28,6 1 905 
20 Onseepkans weir to Vioolsdrift weir 33,6 2 237 
21 Vioolsdrift to Orange-Fish Confluence 90 600 
22 Orange-Fish confluence to river mouth 8,3 553 
Sub-Total Upper Orange (reaches 1-14) 846,0 99 647 
Sub-Total Lower Orange (reaches 15-22) 818,0 63 109 
 Molopo 1,9 127 
 Lower Orange Tributaries 19,8 1 320 
Total Orange River 1 685,0 164 203 
 Eastern Cape 577,2 49 565 
Total RSA demand 2 262,0 213 768 
 Lesotho 20,6 2 640 
 Namibia Fish River 47,5 2 520 
 Namibia main Orange 35.2 2 961 





Table B- 2: Orange River System urban water requirements 2016 
User Volume (million m³) Reach 
Orange-Fish Urban 52,73 Transfer to Eastern Cape 
Gariep Urban 3,50 6 
Hopetown 2,40 9 
Douglas 2,48 14 
Ritchie 2,56 7 
Prieska 1,78 15 
Upington Urban 16,80 16 
Kakemas Urban 6,10 17 
Namakwa Urban 16,00 20 
Springbok 11,50 20 
Alexander Bay Urban 6,74 22 
Roshpina Urban 8,40 22 
Roshpina Mine 7,86 22 
Haib Urban 6,00 21 
Venterstad 0,44 6 
Ariamvlei  0,23 20 
Aussenkehr 0,40 21 






Table B- 3: Irrigation along the Orange River reaches (SA DWAF, 1997) 





Maize 29 956 10 947 328 
Soya Beans 2 659 12 609 34 
Dry Beans 3 141 8 264 26 
Industrial Tomatoes - - - 
Fresh Tomatoes - - - 
Potatoes 5 097 10 849 55 
Summer Vegetables 1 670 7 635 13 
Winter Vegetables 2 790 6 476 18 
Wheat 31 209 9 295 290 
Lucerne 42 567 14 768 629 
Sugar Cane - - - 
Bananas - - - 
Grapes - Fresh 6 901 16 886 117 
Grapes - Wine 5 922 18 000 107 
Grapes - Dry 18 837 18 000 339 
Macadamias - - - 
Citrus - Oranges 13 244 9 369 124 
Citrus - Grape Fruit - - - 
Avocados - - - 
Litchis - - - 
Deciduous Fruit - - - 
Palm Dates  687 21,000 14 
Mangoes - - - 
Total 164 678  2 093* 





Table B- 4: Cropping pattern in the Orange River System 
Crop UOW % LOE % LOW % EC % 
Maize  18 320  34%  4 104  24%  2 789  6%  3 990  8% 
Dry Beans  2 443  5%  2 627  15%  858  2%  -     
Pastures  4 885  9%  985  6%  3 776  9%  33 417  67% 
Winter 
Vegetables 
 977  2%  656  4%  -    0%  -     
Potatoes  2 931  5%  656  4%  -    0%  -     
Wheat  24 427  45%  8 208  48%  4 291  10%  -     
Citrus  -    0%  -    0%  815  2%  12 469  25% 
Table Grapes 
(Vine) 
 244  0%  -    0%  5 364  12%  -     
Wine Grapes 
(White) 
 -    0%  -    0%  5 922  14%  -     
Dry Fruit 
(Vine) 
 -    0%  -    0%  18 837  43%  -     
Dates  -      -      687  2%  -     

















Table B- 6: Storage Control Curve definition – Gariep Dam (adjusted November 2009) 
 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 
Full supply level 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 1258,69 
20% SCC Nov 2009 1257,98 1258,05 1258,16 1258,24 1258,24 1258,24 1258,36 1258,42 1258,42 1258,27 1258,12 1257,99 
m below FSL 0,71 0,64 0,53 0,45 0,45 0,45 0,33 0,27 0,27 0,42 0,57 0,70 
% of gross storage 95,69 96,10 96,8 97,26 97,26 97,26 98,00 98,38 98,38 97,45 96,53 95,74 
 
Table B- 7: Storage Control Curve definition – Vanderkloof Dam (adjusted November 2009) 
 Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 
Full supply level 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 1170,50 
20% SCC Nov 2009 1170,26 1170,10 1169,91 1169,74 1169,74 1169,78 1169,87 1169,99 1170,16 1170,26 1170,26 1170,26 
m below FSL 0,24 0,40 0,59 0,76 0,76 0,72 0,63 0,51 0,34 0,24 0,24 0,24 
% of gross storage 99,02 98,37 97,6 96,9 96,89 97,07 97,42 97,90 98,62 99,02 99,02 99,02 
 
Table B- 8: Proposed target transfer from Gariep Dam to Eastern Cape 2017/2018 (excluding losses) 
 May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr 
m3/s 15,28 7,88 14,45 18,93 23,82 25,33 25,02 26,09 31,51 27,26 18,47 16,92 






Figure B- 2: Long Term Stochastic yield curve for the Orange River System 
 
 Original  For the user priority defined in Scenario 1, with a total demand of 3426 million m³ imposed on the Orange River System, 
there is already a deficit at the 1 in 20 year risk of failure level between the available system yield and the demand 
allocated. 
 Option A For the user priority defined in Scenario 2, none of the demand is supplied at an assurance level of 1 in 20 years and the 
whole irrigation sector is prioritised at the 1 in 10 year risk of failure.  At this scenario definition the Orange River System 
yields up to 3 750 million m³ over the long term. 
 Option B For the user priority defined in Scenario 3, none of the demand is supplied at an assurance level of 1 in 20 years and the 
water required by the irrigation sector is prioritised 70% at the 1 in 10 year level of assurance and 30% at the 1 in 100 
year respectively with a system yield in line with the total 2016 demand. 
 
Firm yield derived from (SMDASUM.OUT)
201 Stochastic Sequences - Plotting Base = 85 years - Period Length = 85 years
























































































Figure B- 3: Orange River System short term yield reliability curves with Polihali Dam 
 
 Original  When the system storage is below 60%, it will fail to supply the full demand and use prioritised at a 1 in 20 year risk of 
failure will have to be restricted. 
 Option A When the system storage is below 40%, it will fail to supply the full demand and use prioritised at a 1 in 10 year risk of 
failure will have to be restricted.  The remaining use at a risk of failure of 1 in 200 years will only need to be restricted once 
the system storage is less than 10% at which a system yield of 1 000 million m³ is available at a 98% reliability of supply. 
 Option B When the system storage is below 40%, it will fail to supply the full demand and use prioritised at a 1 in 10 year risk of 
failure will have to be restricted.  Use prioritised at a 1 in 100 year risk of failure will have to be restricted prior to the 










Figure B- 4: Orange River System short term yield reliability curves without Polihali Dam 
 Original  When the system storage is at 40%, it will fail to supply the full demand and use prioritised at a 1 in 20 year risk of failure 
will have to be restricted.  The remaining use prioritised at a risk of failure of 1 in 200 year will already need to be 
restricted before the system storage decreases to 20%.  
 Option A When the system storage is between 40% and 20%, it will fail to supply the full demand and use prioritised at a 1 in 10 
year risk of failure will have to be restricted.  The remaining use at a risk of failure of 1 in 200 years will only need to be 
restricted once the system storage is less than 10% at which a system yield of 1 132 million m³ is available at a 98% 
reliability of supply. 
 Option B When the system storage is between 40% and 20%, it will fail to supply the full demand and use prioritised at a 1 in 10 
year risk of failure will have to be restricted.  Use prioritised at a 1 in 100 year risk of failure will only need to be restricted 










Figure B- 5: Orange River System 40% short term yield reliability curve with Polihali Dam 
  
Firm yield derived from (SMDASUM.OUT)
501 Stochastic Sequences - Plotting Base = 5 years - Period Length = 3 years






































































































Figure B- 6: Orange River System 40% short term yield reliability curve without Polihali Dam 
Firm yield derived from (SMDASUM.OUT)
501 Stochastic Sequences - Plotting Base = 5 years - Period Length = 3 years

























































































Table B- 9: Long-term stochastic firm yield in million m³ per annum at 
indicated recurrence intervals for the Orange River Project 
Dam 1:20 year 1:50 year 1:100 year 1:200 year 
Gariep and 
Vanderkloof 
3 716 3 332 3 084 2 892 
 
Table B- 10: Short-Term Stochastic yield results for the Orange River 
Project Scenario 1 with Polihali in place 
Starting storage 
(as % of live FSC) 
Selected period 
length (years) 
Yield million m3/a at indicated RI 
1:200 1:100 1:50 1:20 
100% 5 3 106 3 240 3 482 3 964 
80% 5 2 885 3 067 3 296 3 774 
60% 5 2 542 2 707 3 023 3 437 
40% 3 2 109 2 310 2 562 2 953 
20% 2 1 400 1 689 1 841 2 193 
10% 1 1 023 1 084 1 231 1 370 
 
Table B- 11: Short-Term Stochastic yield results for the Orange River 
Project Scenario 1 without Polihali in place 
Starting storage 
(as % of live FSC) 
Selected period 
length (years) 
Yield million m3/a at indicated RI 
1:200 1:100 1:50 1:20 
100% 5 3 392 3 593 3 848 4 350 
80% 5 3 205 3 410 3 670 4 143 
60% 5 2 887 3 090 3 420 3 836 
40% 3 2 386 2 574 2 896 3 308 
20% 2 1 660 1 877 2 131 2 479 





ANNEXURE C  
 
Table C- 1: Probability distribution of loss per economic indicator Sc1 
 
 
Table C- 2: Probability distribution of loss per economic indicator Sc2 
 
 




Table C- 4: Probability distribution of loss per economic indicator Sc1a 
 
 
Table C- 5: Probability distribution of loss per economic indicator Sc2a 
 
 






Table C- 7: Probability distribution of loss per economic indicator Sc1b 
 
 
Table C- 8: Probability distribution of loss per economic indicator Sc2b 
 
 






Table C- 10: Annual values of GDP Loss 
 
  













Table C- 11: Annual values of Employment Loss 
























































Annual Employment loss B
[ 1] Series:  1 - Y Sheet: WIM_Result_B
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Table C- 12: Annual values of Household Income Loss 
User 
Priority 














Table C- 13: 2nd order polynomial equation parameters for GDP Loss 
 
 Scenario 1 Scenario 1a Scenario 1b 
Year a b c a b c a b c 
2016          
2017 -0,0003 7,7539 1,9497 -0,0003 7,7534 0,3522 -0,0004 7,815 0,0708 
2018 -0,0003 7,7591 0,3632 -0,0003 7,7537 0,2893 -0,0004 7,8302 0,0277 
2019 -0,0003 7,7609 0,1706 -0,0003 7,7557 0,4343 -0,0004 7,844 0,1459 
2020 -0,0003 7,7581 0,7815 -0,0003 7,7546 0,2897 -0,0004 7,8332 0,0421 
2021 -0,0003 7,7590 0,6652 -0,0003 7,7532 0,1363 -0,0004 7,8329 0,0744 
2022 -0,0003 7,7546 1,1018 -0,0003 7,7572 0,6394 -0,0004 7,8301 0,036 
2023 -0,0003 7,7531 1,0705 -0,0003 7,7622 0,7535 -0,0004 7,818 0,1563 
2024 -0,0003 7,7582 1,1549 -0,0003 7,7549 0,9951 -0,0004 7,8246 0,4772 
2025 -0,0003 7,7575 1,0071 -0,0003 7,7575 1,0210 -0,0004 7,8213 0,1671 
Avg. -0,0003 7,7572 0,9183 -0,0003 7,7558 0,5456 -0,0004 7,8277 0,1331 
 
Table C- 14: 3rd order polynomial equation parameters for Employment 
Loss 
 
 Scenario 1 Scenario 1a Scenario 1b 
Year a b c d a b c d a b c d 
2016             
2017 3E-05 -0,11 144,1 1310,8 6E-05 -0,156 162,9 353,1 3E-05 -0,12 154,6 440,0 
2018 3E-05 -0,10 138,4 536,9 3E-05 -0,089 135,6 334,6 3E-05 -0,10 140,5 213,0 
2019 3E-05 -0,11 145,7 386,2 2E-05 -0,084 132,5 276,5 3E-05 -0,10 144,7 267,4 
2020 3E-05 -0,11 145,2 339,3 3E-05 -0,100 141,0 110,9 3E-05 -0,11 150,0 86,5 
2021 4E-05 -0,13 158,5 403,7 3E-05 -0,095 134,6 70,0 3E-05 -0,12 151,2 103,9 
2022 4E-05 -0,12 150,0 1141,3 4E-05 -0,122 152,2 471,3 3E-05 -0,11 146,0 331,5 
2023 4E-05 -0,13 153,4 1004,5 5E-05 -0,145 160,4 534,1 4E-05 -0,12 153,1 382,2 
2024 5E-05 -0,13 154,6 1367,4 7E-05 -0,175 171,6 577,9 4E-05 -0,12 153,5 583,3 
2025 5E-05 -0,13 154,1 1075,6 6E-05 -0,168 169,8 739,0 3E-05 -0,10 142,5 512,8 





Table C- 15: 2nd order polynomial equation parameters for Household 
Income Loss 
 
 Scenario 1 Scenario 1a Scenario 1b 
Year a b c a b c a b c 
2016          
2017 -6E-05 3,1731 0,7933 -6E-05 3,1729 0,1432 4E-05 3,0827 0 
2018 -4E-05 3,1508 0,4817 -6E-05 3,173 0,1175 6E-05 3,0641 0,6108 
2019 -4E-05 3,1465 0,3201 -6E-05 3,1739 0,1771 7E-05 3,0416 0,5656 
2020 -6E-05 3,1749 0,3191 -6E-05 3,1735 0,1185 6E-05 3,0482 0,278 
2021 -7E-05 3,1751 0,2711 -6E-05 3,1729 0,0556 5E-05 3,0725 0,2588 
2022 -6E-05 3,1735 0,4884 -6E-05 3,1743 0,2603 5E-05 3,0714 0,7263 
2023 -6E-05 3,1729 0,4341 -6E-05 3,1764 0,3049 4E-05 3,0843 0,7457 
2024 -7E-05 3,1749 0,6291 -6E-05 3,1734 0,4063 5E-05 3,0749 1,2303 
2025 -7E-05 3,1746 0,4094 -6E-05 3,1745 0,4148 3E-05 3,08 1,1165 




Figure C- 1: Orange River PV employment loss vs PV volume curtailed 
relationship 
 
y = 5E-07x3 - 0,0065x2 + 90,461x + 9575,7
R² = 0,9657
y = 9E-07x3 - 0,0091x2 + 91,226x + 4728,1
R² = 0,9715





























Volume curtailment million m³
PV Employment Loss vs Volume curtailed





Figure C- 2: Orange River PV household income loss vs average volume 
curtailed relationship 
y = -4E-06x2 + 3,1169x + 8,8905
R² = 0,9999
y = -5E-06x2 + 3,1154x + 5,2696
R² = 1
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